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ABSTRACT 
INTRODUCTION: Patellofemoral pain (PFP) is a common overuse injury where the 
cause of the pain is largely unknown. Previous research has not compared the variability 
of joint coordination and kinematics in the same study. PURPOSE: The purpose of this 
study was to examine the effects of PFP and exertion on the variability of lower 
extremity kinematics, and joint coordination. METHODS: The participants included 6 
female runners with PFP (R-PFP) (21.0 ± 0.55 years; 66.1 ± 7.9 kg; 1.62 ± 0.09 m), and a 
control group of 6 healthy female runners (CON) (21.2 ± 1.17 years; 61.5 ± 6.9 kg; 1.67 
 
± 0.11 m). Sixteen anatomical retroreflective markers, as well as 4 tracking clusters, were 
placed on the participants’ lower extremities. The participants ran at a self-selected pace 
on an instrumented treadmill. Data collected from the beginning, middle, and end of the 
run was analyzed. Joint kinematic and joint coordination (CRP) variability were 
calculated. RESULTS: R-PFP finished the run with significantly larger knee adduction 
peak angle variability, F(2, 10) = 4.14, p < .05). R-PFP (30.67°*s-1) had significantly 
more knee adduction peak velocity variability, F(2, 10) = 5.82, p < .05. R-PFP also had 
significant CRP variability at the end of the run for hip flexion and knee rotation, F(2, 10) 
= 6.23, p < .05, and knee rotation and ankle eversion, F(2, 10) = 5.52, p < .05. 
 CONCLUSION: Pain and exertion seem to increase the instability of joint kinematics and 
joint coordination reflecting decreased movement control in an injured state. 
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CHAPTER 1 
 
DEFENSE DOCUMENT 
Introduction 
 
Patellofemoral pain (PFP) is a common overuse injury that may be defined as 
pain deep to, or around the patella (Crossley, Callaghan, & van Linschoten, 2015; 
Glaviano, Kew, Hart, & Saliba, 2015; Powers, Bolgla, Callaghan, Collins, & Sheehan, 
2012). In the general population 8 - 17% of all knee complaints are related to PFP in both 
athletes and non-athletes (Kannus, Aho, Jarvinen, & Nittymaki, 1987; van Middelkoop, 
van Linschoten, Berger, Koes, & Bierma-Zeinstra, 2008; Wood, Muller, & Peat, 2011). It 
has been estimated that 1 in 6 adults going to a general practice for a knee issue will 
present with a patellofemoral disorder, and rates of PFP development may be increasing 
(Glaviano et al., 2015; Wood et al., 2011). Although it is clear that PFP may develop due 
to ligament tears, arthritis, acute trauma, bone bruises, or stress fractures, more 
commonly individuals experience what may be called idiopathic PFP, where the actual 
source or cause of the pain is largely unknown (Powers et al., 2012). Abnormal gait 
kinematics, prolonged exertion, and lower extremity joint coordination in individuals 
with PFP may contribute to the pain development (Barton, Levinger, Menz, & Webster, 
2009; Hamill, van Emmerik, Heiderscheit, & Li, 1999). 
Previously both joint kinematics and joint coordination have been studied in 
regards to runners with PFP (Dierks, Manal, Hamill, & Davis, 2011; Hamill et al., 1999). 
Work in kinematics has predominantly focused on mean peak angles, velocities, and 
excursions between runners with and without PFP. Noehren et al., (2012) indicated that 
runners with PFP have altered hip kinematics compared to healthy, pain-free runners 
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(Noehren, Pohl, Sanchez, Cunningham, & Lattermann, 2012a). They demonstrate more 
constricted motion which increases the repetitive stresses on the same soft tissue 
structures and may contribute to pain development (Noehren, Sanchez, Cunningham, & 
McKeon, 2012b). Even in the absence of pain, running-induced fatigue may alter hip, 
knee, and ankle kinematics which makes it critical to evaluate the effects of exertion on 
the kinematics of runners with PFP (Dierks, Davis, & Hamill, 2010; Koblbauer, van 
Schooten, Verhagen, & van Dieën, 2014). Joint coordination as calculated by the average 
continuous relative phase (CRP), has not been found to be significantly different between 
healthy runners and runners with PFP (Hamill et al., 1999). However, there are noticeable 
differences in the variability of the CRP in runners with and without PFP (Hamill et al., 
1999). 
Although the kinematics of runners with PFP has been extensively studied, the 
variability of these kinematics is not well understood. In a study conducted by Dierks, 
Manal, Hamill, and Davis in 2011(Dierks et al., 2011), the authors observed that the PFP 
runners displayed less joint motion in general compared to the healthy runners (Dierks et 
al., 2011). It should also be noted that 30 of 44 standard deviations, of the various 
kinematics studied, were larger in the PFP group compared to the healthy runners (Dierks 
et al., 2011). Thus, individuals with PFP display decreased joint motion and are more 
varied as a run progresses. 
Lower extremity joint coordination variability, on the other hand, is decreased in 
runners with PFP compared to healthy runners (Hamill et al., 1999). Joint coordination 
refers to the movement of one joint with respect to the movement of another(Hamill et 
al., 1999; Silvernail, Boyer, Rohr, Bruggemann, & Hamill, 2015). This coordination is 
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accomplished through the use of accessible degrees of freedom to create a specific 
movement pattern (Hamill et al., 1999; Silvernail et al., 2015). An optimal level of 
variability has been proposed in which an appropriate level of coordination variability 
may be indicative of a healthy state. A decrease in that variability may be more indicative 
of a rigid, confined state with poor adaptability (Hamill, Haddad, Heiderscheit, & Li, 
2005; Silvernail et al., 2015; Stergiou, Harbourne, & Cavanaugh, 2006). An increase 
above this optimal variability would also indicate an unhealthy state, as too much 
variability would make the system unstable, and unpredictable (Hamill et al., 2005). 
Hamill et al. (1999), indicated that the decreased joint variability, as measured by 
continuous relative phase (CRP), reflected an injured running state (Hamill et al., 1999) 
The authors suggested that the decreased variability increased repetitive stress on the 
same soft tissue structure, increasing pain (Hamill et al., 1999). 
Considering the results of both increased kinematic variability and decreased CRP 
variability, it is a difficult task to compare the results of the two studies, especially as the 
two studies used different protocols, and participants (Li, 2011). To compare both the 
variability of joint kinematics and joint coordination, these measurements must be 
conducted on the same participants undergoing the same protocol. Therefore, the purpose 
of this study was to examine the effects of PFP on the variability of lower extremity 
kinematics, and joint coordination, as well as the effects of exertion on these measures. 
We hypothesized that runners with PFP would exhibit altered patterns of 
kinematics and joint coordination indicative of decreased motor control and that exertion 
would exacerbate these differences. We expected that all differences found between 
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groups for the kinematic and CRP values to be the largest at the end of the run when the 
runners are fatigued and pain is highest. 
Methods 
 
Participants 
 
The participants in this study included 6 female runners with PFP (R-PFP) and 6 
female runners who comprised the healthy control group (CON). All runners were free 
from any cardiovascular restriction as evaluated by the physical activity readiness 
questionnaire. We received written informed consent from each participant after the 
protocol was thoroughly explained. The study was approved by the University 
Institutional Review Board. Prior to beginning the run the participants were asked to fill 
out the Anterior Knee Pain Scale (AKPS) to evaluate their level of disability experienced 
due to knee pain, and the NASA Activity Scale (NAS) to evaluate their level of weekly 
physical activity. 
Participants were fitted with neutral running shoes provided by the lab and a heart 
rate monitor (T31-coded, Model No: N2965; Polar Electro Inc., Lake Success, NY). 
Tracking clusters were placed on the participants’ pelvis, right and left thighs and shanks. 
Participants were provided with a 4-minute warm-up to accustom themselves to the 
tracking clusters and the instrumented treadmill. Anatomical markers consisting of 16 
retro-reflective markers were then placed on the left and right iliac crests, greater 
trochanters, lateral and medial femoral epicondyles, lateral and medial malleoli, and the 
first and fifth metatarsal heads (Weinhandl, Joshi, & OConnor, 2010). Joint movements 
were tracked using a 3-D motion capture system (Bonita 10 cameras; Nexus 2.3.0.88202; 
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Vicon Motion Systems Ltd., Oxford Metrics, UK). Prior to the beginning of the run, a 3s 
standing static trial was recorded. 
The participants self-selected their own running pace, and they were advised to 
select a pace that they could maintain for approximately 30 minutes. Kinematic, kinetic, 
visual analog scale for pain (VAS) scores, ratings of perceived exertion (RPE), and heart 
rate (HR) data were taken at 5-minute intervals throughout the run. Kinematic and kinetic 
data were collected for 25 s at the start of each time interval so that 20 footfalls were 
recorded (Dierks et al., 2011). The limb with PFP was selected for analysis, for the R- 
PFP group, whereas the analyzed limb for the CON group was selected at random. If a 
participant had bilateral PFP, the leg with the greatest amount of knee pain was selected 
for analysis, however this applied to only one participant. The run continued until one of 
the following conditions were met: 1) 85% of the participants heart rate maximum 
(HRmax) (ACSM's Guidelines for Exercise Testing and Prescription, 2013), 2) a score of 
17 (out of 20) on the RPE scale (Borg, 1998), 3) a score of 7 (out of 10) on the VAS (for 
the knee pain group only), or 4) volitional fatigue. After the run, the participants 
performed a cool down until their heart rate fell below 120 bpmute (Dierks et al., 2011). 
Data Processing 
Twenty footfalls of the first, middle, and last data collections, corresponding to 
the beginning, middle, and the end of the run, were analyzed. If there were an even 
number of intervals collected the later of the 2 middle trials was selected. For example, if 
there were 8 intervals equal to 40 minutes, the fifth interval was selected as the middle 
trial. The three dimensional marker coordinates were filtered with a 14 Hz low-pass, 
fourth-order 0 lag Butterworth filter. We defined the beginning of stance phase as when 
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the vertical ground reaction force exceeded 50 N, indicating foot-contact. We defined the 
end of stance phase as when the vertical ground reaction force fell below 50 N, indicating 
toe-off. Visual 3D (Visual3D, Version: 6.00.27, C-Motion Inc., Germantown, MD) was 
used to analyze the kinematic data. 
The kinematic joint motions investigated in this study included the frontal plane 
motion of knee adduction, referenced as tibia relative to femur. Transverse plane 
kinematic joint motion included knee internal rotation. Knee flexion was the only motion 
in the sagittal plane to be assessed. Peak angle (PA), and peak velocity (PVel) were 
calculated for each kinematic variable. Peak angles were defined as the maximum angle 
that occurred during stance. Peak velocity was defined as the maximum angular velocity 
that occurred during stance. These kinematic variables were calculated for each step, and 
then the values were averaged across the 20 steps. Variability of kinematic data was 
calculated as the standard deviations (SD) within the 20 steps at each time point for each 
participant for each variable. This results in measures of peak angle SD (PASD), and 
peak velocity SD (PVelSD). In this way the SD was analyzed according to each 
individual rather than evaluating the SD of the group means. 
The kinematic data was then used to calculate CRP mean at each percent of stance 
according to method described by Hamill et al., 1999(Hamill et al., 1999). The kinematic 
data for each joint motion was first interpolated to 100 points to normalize data to 100% 
of stance (Visual 3D). CRP mean values were calculated from the normalized phase plots 
for coordination relationships of knee internal/external rotation and hip flexion/extension 
(KnRt_HiFlx), knee internal/external rotation and hip abduction/adduction 
(KnRt_HiADD), knee internal/external rotation and rearfoot eversion/inversion 
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(KnRt_FtEv), and knee internal/external rotation (KnRt _HiRt ). Variability was 
calculated as the SD of the CRP coupling over 100% of stance for each time point for 
each participant. The SD of each individual was then pooled for analysis. This resulted in 
the variables of KnRt_HiFlx_SD, KnRt_HiADD_SD, KnRt_FtEv_SD, and KnRt 
HiRt_SD. 
Statistical Analysis 
 
Group means for age, height, body mass, weekly run distance, run time, NAS 
scores, and AKPS scores were compared using a one-way ANOVA. The kinematic and 
CRP data were compared at the beginning, middle and end of a run. Each variable was 
examined using a 2x3 repeated measures ANOVA using time as the repeated measure to 
determine if there was a significant interaction between group and time. Main effects 
were assessed and reported in the absence of an interaction. In the event of a significant 
result, post-hoc pairwise comparisons using Tukey’s HSD were conducted. The 
significance level was set a priori to .05. Cohen’s D was used to calculate the effect size 
for all statistically significant results. Effect sizes were interpreted as follows: small .2 ≤ 
d <.5, medium .5 < d < .8, and large d ≥ .8. Power was calculated retrospectively and it 
was calculated that for power to be sufficient at > .8, the calculated effect size must be ≥ 
1.20. 
Results 
 
Age, height, body mass, weekly run distance, NAS score, and run duration were 
not significantly different between groups (Table 1). However, the AKPS score for R- 
PFP (83 ± 8.20°) was significantly lower by 16 points compared to CON (99.3 ± 1.63°), 
F(1, 5)=24.60, p < .05, d = 2.76 (Table 1). The lower AKPS score indicates that R-PFP 
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experience greater disability due to knee pain compared to CON (Crossley, Bennell, 
Cowan, & Green, 2004). R-PFP ran significantly slower (1.98 ± 0.11 m/s) compared to 
CON (2.14 ± 0.12 m/s) during the study, F(1, 5) = 12.46, p < .05, d=1.24 (Table 1). Data 
collected during the run for RPE, HR, and VAS scores are presented in Table 2 for both 
groups. 
Peak Angle Variability 
 
The PASD of knee adduction PASD (Figure 1), F(2, 10) = 4.14, p < .05), changed 
differently between the two groups with running time (significant group by time 
interaction) (Table 3). For knee adduction, R-PFP (SD = 1.4°) had significantly more 
variability at the end of the run (d = 1.27) compared to CON (SD = 0.6°). There were no 
significant differences observed for the PASD of either knee internal rotation, or knee 
flexion. 
Peak Velocity Variability 
 
Knee adduction PVelSD changed differently between the groups with running 
time, F(2, 10) = 5.82, p < .05 (significant group by time interactions) (Table 3). The 
largest difference occurred at the end of the run (d = 1.23) as PFP (SD = 30.67°*s-1) had 
nearly twice the variability of CON (SD = 15.87°*s-1) (Figure 2). There were no 
significant differences observed for the PVelSD of either knee internal rotation, or knee 
flexion. 
Continuous Relative Phase Variability 
 
Both KnRt_HiFlx_SD (Figure 3), F(2, 10) = 6.23, p < .05) and KnRt_FtEv_SD 
(Figure 4), F(2, 10) = 5.52, p < .05) changed differently between groups according to 
time (significant group by time interactions). In both couplings at the end point of the 
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run, PFP had twice the variability of CON, compared to the relatively similar group SD 
found at the beginning of the run. The effect sizes at the end of the run for both of the 
coupling variabilities were both large (KnRt_HiFlx_SD, d = 1.20; KnRt_FtEv_SD, d = 
1.49). CRP SD values are presented in Table 4. There were no significant differences 
observed for KnRt_HiADD_SD, or  KnRt HiRt_SD. 
Discussion 
 
The primary goal of this project was to investigate the effect of pain and exertion 
on the variability of joint kinematics and joint coordination. Our initial hypothesis of 
altered motor control in the presence of pain and exertion was supported by the 
significant differences in the variability of PASD and PVelSD for knee adduction, as well 
as the SD for the CRP couplings of KnRt_HiFlx_SD and KnRt_FtEv_SD for R-PFP. In 
each of these instances, the variability of the R-PFP group was significantly greater than 
that of the CON group by the end of the run. The increased variability at the end indicates 
a decreased ability to control movement with increased exertion and pain. Our hypothesis 
was also supported in that the CRP variability of R-PFP was altered compared to 
controls, but R-PFP exhibited greater variability instead of the reduced variability 
observed in the previous study (Hamill et al., 1999). 
Although we also investigated the variability of the angles and angular velocities 
of knee internal rotation and knee flexion, these measures did not prove to be 
significantly different. Knee flexion is generally decreased in R-PFP, as a method of 
decreasing pain (Dierks et al., 2011). As knee flexion increases, the stress at the 
patellofemoral joint also increases, which could possibly increase pain (Wallace, Salem, 
Salinas, & Powers, 2002). When examining the variability of the knee flexion angle and 
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angular velocity, there were no significant differences between the two groups in our 
study. This may have resulted from the lack of disability R-PFP reported according to the 
AKPS scale. Greater disability and pain may have resulted in significant differences 
between the two groups. The same reasoning may apply to the lack of significant 
differences in regards to knee internal rotation values. It is also unclear whether or not 
there are differences in knee internal rotation values in runners with and without PFP. 
There is evidence to suggest that female runners with PFP have greater knee internal 
rotation, but in a study of both sexes there was a trend towards greater external rotation as 
well (Noehren et al., 2012a; Willson & Davis, 2008). 
The average variability of knee adduction indicated that the two groups changed 
differently with running time. The largest differences in SD are seen at the end of the run 
in which the R-PFP (SD = 1.4°) exhibited much larger variability compared to CON (SD 
= 0.6°). Despite the fact that we examined variability as the average of each individual 
person’s standard deviation across 20 steps, and Dierks et al., (2011) examined the 
standard deviation of the group means, their results show a similar trend to ours. The 
runners with PFP (SD = 5.6) in their study had a larger standard deviation compared to 
healthy runners (SD = 4.4) for knee adduction at the end of the run (Dierks et al., 2011). 
The larger standard deviation of R-PFP indicates a decreased control of joint motion 
(Dierks et al., 2011). The results of our study indicate that the R-PFP variability increases 
significantly more with prolonged exertion compared to CON. 
In general the results of our study would suggest that with increasing running 
time, the PVelSD of R-PFP runners is more susceptible to the effects of exertion 
compared to CON. Although the R-PFP runners in our study began the run with less 
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variability, R-PFP finished the run with 15.1°*s-1 larger variability compared to CON. 
Dierks et al., (2011) had similar results in which their runners with PFP had more PVel 
variability than healthy runners at the beginning (5.9°*s-1) and at the end of the run 
(4.1°*s-1) (Dierks et al., 2011). The result of the increased variability in regards to knee 
adduction may indicate that the R-PFP runners had decreased control over knee 
adduction PVelSD with increased exertion compared to CON. 
The significant results observed in this study indicate that knee adduction 
variability may be a critical component of PFP in runners. Greater knee adduction could 
create larger lateral forces and subsequently greater stress at the patellofemoral joint 
(Powers et al., 2012). The increased variability of both the knee adduction angle and 
angular velocity may indicate decreased control of this motion which could increase the 
potential for increased patellofemoral joint stress. Despite this, there is little evidence to 
suggest that knee adduction angles differentiate between healthy runners and those with 
PFP. Both Noehren et al., (2012) and Dierks et al., (2011) reported no significant 
differences in knee adduction angles between runners with and without PFP (Dierks et 
al., 2011; Noehren et al., 2012a). The increased variability seen in this study may 
therefore be more informative than peak angles or velocities alone. 
The CRP variability for both KnRt_HiFlx and KnRT_FtEV exhibited a significant 
change in which R-PFP finished the run with significantly more variability compared to 
CON. Hamill et al., (1999) compared CRP variability in individuals with PFP and 
observed that the individuals with PFP exhibited decreased coupling variability compared 
to healthy runners (Hamill et al., 1999). This result would seem to present the opposite 
conclusion from the results of the current study. However, Hamill et al., (1999) compared 
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runners only at the beginning of the run prior to fatigue. The differences between the two 
studies may be understood according to the idea of a level of optimal variability in which 
variability smaller or larger than the optimal level would be indicative of an unhealthy 
state (Hamill et al., 2005). As the greatest differences in CRP variability occurred at the 
end of the run, it seems that R-PFP were unable to cope with the increase in pain or 
increase in exertion. Healthy runners maintained relatively similar CRP variables 
throughout the run, however R-PFP runners exhibit more than double the variability at 
the beginning compared to the end. Hamill, Haddad, Heiderscheit, Emmerik, and Li, 
(2006) noted that there is an optimal range of variability indicating that too little 
variability creates a too strict a system for optimal variability, but too much variability 
creates a system that is too unstable to properly adapt to the situation (Hamill et al., 
2005). It would seem that the influence of increased pain and exertion creates a more 
varied, less controlled coupling state in runners with PFP. 
Decreased movement control may be the unifying theme between the variability 
of kinematics and joint coordination. Although we expected the joint coordination to 
respond with less variability, it may be that both too little and too much CRP variability 
exhibit decreased control. That being said, for runners with PFP, both the outcome goal 
(kinematics), and the method of execution (joint coordination), are highly variable in the 
presence of exertion and pain. It seems to be that there is a healthy range of variability, 
and that anything above or below that range may be indicative of an unhealthy state 
(Hamill et al., 2005). 
Limitations 
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The study included only female participants and had a low number of subjects (n 
 
= 12). The inclusion of only female participants may limit the ability of this study to 
compare with the work of other studies including Dierks et al., (2011) which include both 
sexes. There is not however any research to suggest that males and females respond 
differently to exertion and pain. To combat the low number of participants we included 
the effect sizes. An additional limitation may be the lack of disability of our participants 
due to the knee pain and the lower training status compared to other studies involving 
runners and PFP. This lack of disability may however provide evidence to suggest that 
the level of pain influences the variability at the beginning of the run. Finally the power 
calculated retrospectively in this study was low due to the low number of participants. 
We chose to provide effect sizes in an effort to give an idea of the meaningfulness of the 
results. 
Conclusion 
 
When examining the effect of PFP during a prolonged run it would seem that pain 
and exertion increase the variability of joint kinematics and joint coordination to the point 
of an unstable state. Pain and exertion seem to increase the instability of joint kinematics 
and joint coordination reflecting decreased control in an injured state over movement. 
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Tables and Figures 
 
Table 1 
 
Participant characteristics and demographic data 
 PFP  CON  
Height (m) 1.62 (0.09)  1.67 (0.11)  
Mass (kg) 66.1 (7.9)  61.5 (6.9)  
Age (years) 21.0 (0.55)  21.2 (1.17)  
Weekly Run Distance (km) 12.3 (11.2)  17.8 (9.1)  
NAS Score 7.17 (1.30)  6.83 (1.17)  
AKP Score 83.0 (6.58)  99.3 (1.63)*  
Treadmill Velocity (m/s) 1.98 (0.11)  2.14 (0.12)*  
Run Time 32.5 (10.9)  40.0 (13.8)  
Stopping Criteria:     
RPE 17  2  1 
HRmax  1  3 
VAS 7 (PFP only)  1  0 
Volitional Fatigue  2  2 
 
Data presented as mean (SD); *significant difference between groups, p < .05; NAS = Nasa Activity Scale; 
AKP = Anterior knee pain scale; RPE = rating of perceived exertion; VAS = Visual Analog Score; * 
indicates significant group difference (p < .05) 
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Table 2 
 
RPE, HR, and VAS data collected during run  
    PFP CON  
RPE Beg 8.2 (1.6) 8.7 (1.4) 
Mid 12.2 (1.3) 12.3 (2.0) 
  End 15.6 (1.9) 14.7 (1.9)  
HR Beg 148.5 (10.4) 146.00 (15.3) 
Mid 175.0 (9.3) 160.0 (20.0) 
  End 178.3 (10.5) 173.8 (13.6)  
VAS Beg 0.62 (0.86) 
Mid 3.23 (2.22) 
  End 4.75 (1.99)  
Data presented as mean (SD); RPE = rating of perceived exertion; HR = heart rate; VAS = Visual analog 
scale; Beg = beginning interval; Mid = middle interval; End = end interval 
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Table 3 
 
Variability of kinematic data at three time points  
  Knee Adduction    Knee Flexion  Knee Internal Rotation  
 
 Beg Mid End Beg Mid End Beg Mid End 
Angle (°) PFP 0.6 0.6 1.4$ 1.2 1.2 2.1 0.9 1.1 1.4 
Angle (°) CON 0.5 0.9 0.6$ 1.2 1.0 1.1 0.9 0.7 0.9 
Vel (°*s-1) PFP 13.1 14.7 30.7$ 25.3 62.5 30.7 27.3 35.4 53.5 
Vel (°*s-1) CON 20.4 13.1 15.6$ 32.6 25.6 27.4 48.4 33.7 34.3 
 
Data presented as the group means of the standard deviations; Beg = beginning interval; Mid = middle 
interval; End = end interval; $ indicates significant group by time interaction 
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Table 4 
 
Variability of continuous relative phase of four couplings  
  HiFlx_KnRT    HiAD_KnRT  
    Beg Mid End Beg Mid End  
73.2 56.7 125.5$ 39.8 57.1 86.5 
70.2 70.0 57.3$ 40.1 38.8 38.1 
  KnRT_FtEV    HiRT_KnRT  
    Beg Mid End Beg Mid End  
35.4 47.2 90.5$ 52.5 77.2 97.4 
30.7 27.6 25.1$ 107.3 86.4 86.2 
Data presented as the group means of the standard deviations; HiFlx_KnRt = hip flexion/extension and 
knee internal/external rotation; HiADD_KnRt = hip abduction/adduction and knee internal/external 
rotation; KnRt_AnEv = knee internal/external rotation and ankle everion/inversion; HiRt _KnRt = hip 
internal/external rotation and knee interal/external rotation; $ indicates significant group by time interaction 
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Figure 1. Knee adduction variability. Data presented as the group means of the standard deviations 
K
ne
e A
dd
uc
tio
n 
Va
ria
bi
lit
y 
(d
eg
) 
26 
 
 
 
 
CON R-PFP 
40 
35 
30 
25 
20 
15 
10 
5 
0 
Beginning Middle End 
Time 
 
 
Figure 2. Knee adduction velocity variability. Data presented as the group means of the standard deviations 
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Figure 3. KnRt_HiFlx variability. Data presented as the group means of the standard deviations 
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Figure 4. KnRt_FtEv variability. Data presented as the group means of the standard deviations 
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CHAPTER 2 PROPOSAL INTRODUCTION 
 
Patellofemoral pain (PFP) is a common overuse injury that may be defined as 
pain behind, or around the patella (Crossley, Callaghan, & van Linschoten, 2015; 
Glaviano, Kew, Hart, & Saliba, 2015; Powers, Bolgla, Callaghan, Collins, & Sheehan, 
2012). Although it is clear that PFP may develop due to ligament tears, arthritis, acute 
trauma, bone bruises, or stress fractures, more commonly individuals experience what 
may be called idiopathic PFP, where the actual source or cause of the pain is largely 
unknown(Powers et al., 2012). In the general population 8 - 17% of all knee complaints 
are related to PFP in both athletes and non-athletes, and across a wide range of ages 
(Kannus, Aho, Jarvinen, & Nittymaki, 1987; van Middelkoop, van Linschoten, Berger, 
Koes, & Bierma-Zeinstra, 2008; Wood, Muller, & Peat, 2011). It has also been estimated 
that 1 in 6 adults will present with a patellofemoral disorder, and rates of PFP 
development may be increasing(Glaviano et al., 2015; Wood et al., 2011). The 
understanding of PFP and possible treatments is critical to improving activities of daily 
living, physical activity, and overall quality of life for individuals with PFP (Crossley et 
al., 2015). 
. 
 
Abnormal gait kinematics, prolonged exertion, and lower joint coordination 
variability in individuals with PFP may contribute to the pain development (Barton, 
Levinger, Menz, & Webster, 2009). Previous work has indicated that runners with 
anterior knee pain have altered hip kinematics compared to healthy, pain-free runners, 
and demonstrate more constricted motion (Noehren, Sanchez, Cunningham, & McKeon, 
2012b). PFP runners maintain a restricted range of motion compared to their healthy 
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counterparts, which may increase the repetitive stresses on the same soft tissue structures 
and aid in the development of pain (Noehren, Sanchez, Cunningham, & McKeon, 
2012b). Even in the absence of pain, running-induced fatigue may alter hip, knee, and 
ankle kinematics (Dierks, Davis, & Hamill, 2010; Koblbauer, van Schooten, Verhagen, & 
van Dieën, 2014). Knee internal rotation peak angles, excursions, and peak velocities, as 
well as tibial internal rotation, have been shown to increase during a prolonged run 
(Dierks et al., 2010). Running in a highly exerted state may cause joint changes to occur 
as a coupling effect within the lower extremity, which could also be a result of altered 
muscle mechanics (Dierks et al., 2010). Finally, PFP may also be related to a decrease in 
the joint or limb coordination variability (Hamill, van Emmerik, Heiderscheit, & Li, 
1999). The proper amount of variability within a system should allow the body to adapt 
appropriately in a variety of ways to its environment, hence, a decrease in this variability 
may be indicative of an unhealthy state (Stergiou, Harbourne, & Cavanaugh, 2006). The 
idea of a healthy range of variability within a system is thought to exist,(Stergiou et al., 
2006) but how this concept can be applied during running with knee pain is still poorly 
understood. 
The question remains as to how joint kinematics, and joint coordination may be 
compared between healthy runners and those with PFP, and furthermore, what effects of 
prolonged exertion has on these measures. The lower extremity kinematics in runners 
during a prolonged run has been examined (Dierks, Manal, Hamill, & Davis, 2011). In 
previous literature, runners with PFP ran with decreased motion compared to healthy 
runners as demonstrated by reduced peak velocities and smaller peak joint angles (Dierks 
et al., 2011). The authors speculated that the decreased motion was an attempt by the 
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runners with PFP to reduce malalignment during running in order to reduce pain (Dierks 
et al., 2011). The findings of restricted joint motion coincided with an increase in the 
variability of the joint kinematics indicating less control of joint motion in an exerted 
state (Dierks et al., 2011). On the contrary, the variability of joint coordination has been 
shown to be decreased in runners with PFP (Hamill et al., 1999). This furthers the 
previous question, by asking how the measures of variability within joint kinematics and 
joint coordination should be compared (Li, 2011). If a lower coordination variability is 
indicative of runners with PFP, as proposed by Hamill et al. (2011), then it may be 
predicted that joint coordination variability would continue to decrease with increasing 
levels of pain towards the end of a prolonged run (Li, 2011). 
In order to investigate these questions, both kinematics and joint coordination 
must be examined on the same participants undergoing the same protocol. Hamill et al., 
(1999) only took measurements after 5 minutes of running, in contrast to Dierks et al., 
(2011) who took measurements both before and after the prolonged run lasting on 
average approxiamately 35 minutes (Dierks, 2011; Dierks et al., 2011; Hamill et al., 
1999). Therefore, the purpose of this study will be to examine the effects of PFP on lower 
extremity kinematics, and joint coordination variability, as well as the effects of exertion 
on these measures. 
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CHAPTER 3 EXTENDED METHODS 
 
Purpose 
 
The purpose of this study was to examine the effects of patellofemoral pain on 
lower extremity kinematics, and continuous relative phase, as well as the effects of 
prolonged exertion on these measures. 
 
 
Participants 
 
We recruited 12 participants by verbal presentation between the ages of 18 and 45 
years. Runners with self-diagnosed PFP will comprised 6 total participants, and the 
remaining 6 will compromised the healthy control group. The two groups were matched 
according to gender and included or excluded according the criteria listed below. 
PFP Inclusion criteria: 
 
1. Between the ages of 18 and 45 years (Dierks et al., 2011) 
 
2. Recreational runners (≥ 10 miles/week)(Dierks et al., 2011) 
 
3. Heel strike running pattern(Dierks et al., 2011) 
 
4. Anterior knee pain that is present during running for at least the last 2 
months(Dierks et al., 2011) 
5. Knee pain present in at least two of the following activities:(Barton et al., 
2009; Schwane et al., 2015) 
a. Ascending or descending stairs 
 
b. Hopping or running 
 
c. Kneeling 
 
d. Squatting 
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e. Sitting with the knees in a flexed position for a prolonged period of 
time 
6. Knee pain during running of at least a 3 on the visual analog scale for pain; 0 
(no pain) to 10 (worst pain imaginable) (Dierks et al., 2011) 
7. Insidious onset of knee pain unrelated to trauma (Schwane et al., 2015) 
 
PFP exclusion Criteria 
 
1. Orthotic user (Dierks et al., 2011) 
 
2. Knee pain resulting from acute trauma (Dierks et al., 2011; Schwane et al., 
2015) 
3. Any hip, ankle, or lower back injury within the last 6 months (Schwane et al., 
2015) 
4. Any neurologic injury or disease that could affect gait (Schwane et al., 2015) 
 
5. Answering “yes” to any question on the physical activity readiness 
questionnaire (Dierks et al., 2011) 
6. Currently receiving physical therapy (Dierks et al., 2011) 
 
Control Inclusion Criteria: 
 
1. Between the ages of 18 and 45 years (Dierks et al., 2011) 
 
2. Heel-strike running pattern (Dierks et al., 2011) 
 
3. No history of knee pain or injury within the last 6 months (Schwane et al., 
2015) 
Control Exclusion Criteria 
 
1. History of knee surgery (Schwane et al., 2015) 
 
40 
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2. Injury to the lower back, hip, or ankle within the last 6 months (Schwane et 
al., 2015) 
3. Any neurologic disease or injury that could affect gait (Schwane et al., 2015) 
 
4. Answering “yes” to any question on the physical activity readiness 
questionnaire (Dierks et al., 2011) 
All subjects were identified according to coded numbers and their data was 
processed, analyzed, and interpreted using these numbers keep the participants’ 
information confidential. Any documents obtained from the subjects were stored 
according to their coded numbers in a locked filing cabinet. No incentives were provided 
to the subjects for participation in this study. 
Protocol 
 
This study was performed in a biomechanics laboratory. The testing occured only 
once and lasted approximately two hours. The participants were informed about the 
testing procedures and possible risks and were asked to sign the informed consent forms. 
As part of the informed consent participants were asked to complete a physical readiness 
questionnaire (PAR-Q). They were then be asked to provide basic demographic data 
including, gender, height, age, mass, and weekly running distance (see Appendix D: 
Running Data Collection Sheet). Heart rate (HR) maximum (HRmax) was calculated as 
220 – age (ACSM's Guidelines for Exercise Testing and Prescription, 2013). Prior to the 
beginning of the run 85% of HRmax  was calculated by: HRmax*0.85. Both healthy and 
PFP runners will also be asked to fill out the Anterior Knee Pain Scoring (AKPS) sheet as 
well as the NASA activity scale (NAS) (see Appendix D). 
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Participants were then fitted with the appropriate neutral running shoe provided 
by the lab. A heart rate monitor (T31-coded, Model No: N2965; Polar Electro Inc., Lake 
Success, NY) was placed on the participants to monitor safety throughout the entire test. 
Tracking clusters were placed on the participants’ pelvis, right and left thighs and shanks. 
Prior to marker placement, participants completed a 2 to 3 minute warm-up (ACSM's 
Guidelines for Exercise Testing and Prescription, 2013) on the instrumented treadmill at 
a self-selected pace so that they became familiarized with the bands and ensured 
comfortable placement. The participants were then be given the opportunity to stretch if 
they so chose. Seven retro-reflective marker clusters, consisting of four markers each, 
were placed on the pelvis, right and left thighs, shanks, and feet (Weinhandl, Joshi, & 
OConnor, 2010). The pelvis, thigh and shank clusters were secured to the neoprene bands 
via Velcro, and the foot clusters were secured to the lateral heel of the lab shoes. An 
additional 16 retro-reflective markers for the 3-D motion capture system (Bonita 10 
cameras; Nexus 2.3.0.88202; Vicon Motion Systems Ltd., Oxford Metrics, UK) were 
then be placed on the subject, as described by Weinhandl, and O’Connor (2010) 
(Weinhandl et al., 2010). Markers were placed on the left and right iliac crests, greater 
trochanters, lateral and medial femoral epicondyles, lateral and medial maleoi, and the 
first and fifth metatarsal heads (Weinhandl et al., 2010). A three-second standing 
calibration trial was collected, after which the anatomical markers (right and left iliac 
crests, greater trochanters, medial and lateral femoral epicondyles, medial and lateral 
malleoli, and first and fifth metatarsal heads) were removed (Weinhandl et al., 2010). The 
tracking clusters remained on throughout the testing protocol. 
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After the warm-up, and final marker placement, the participants began the run at 
their preferred running pace. Kinematic data was collected at 200 Hz, and ground 
reaction force was collected from the instrumented treadmill (Model No: BP400600- 
2000; Advanced Mechanical Technology Inc., Watertown, MA) at 1000 Hz. Kinematic, 
kinetic, visual analog scale for pain (VAS) scores, ratings of perceived exertion (RPE), 
and heart rate (HR) data were taken at five-minute intervals throughout the run. 
Kinematic and kinetic data was collected for 25 seconds at the start of each time interval 
so that 20 footfalls were recorded (Dierks et al., 2011). The VAS is a 10 cm line where at 
opposite ends of the horizontal line is are scores of 0 representing “no pain” and a score 
of 10 representing “worst possible pain” (Borg, 1998). The RPE chart is scaled from 6 to 
20, where 6 represents “no exertion at all” and 10 represents “maximal exertion” (Borg, 
1998). The run continued until one of the following conditions were met: 1) 85% of the 
subjects HRmax is reached (ACSM's Guidelines for Exercise Testing and Prescription, 
2013), 2) a score of 17 (out of 20) on the RPE scale (Borg, 1998), 3) a score of 7 (out of 
10) on the visual analog scale for pain (for the knee pain group only), or 4) volitional 
fatigue. After the run, the participants performed a cool down until their heart rate fell 
below 120 beats per minute (ACSM's Guidelines for Exercise Testing and Prescription, 
2013). 
Data Processing 
 
Twenty footfalls of the first, middle, and last data collections, 
corresponding to the beginning, middle, and the end of the run, were analyzed. If there 
were an even number of intervals collected the later of the two middle trials was selected. 
For example, if there were eight intervals equal to 40 minutes, the fifth interval was 
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selected as the middle trial. The three dimensional marker coordinates were filtered with 
a 14 Hz low-pass, fourth-order 0 lag Butterworth filter. We defined the beginning of 
stance phase as the vertical ground reaction force exceeding 50 N, which indicated foot- 
contact. We defined the end of stance phase as the vertical ground reaction force falling 
below 50 N, which indicated toe-off. Visual 3D (Visual3D, Version: 6.00.27, C-Motion 
Inc., Germantown, MD) was used to analyze the kinematic data. 
The center of the hip joint will be defined as 25% of the distance from ipsilateral 
to contralateral greater trochanter markers (Weinhandl et al., 2015; Weinhandl & 
OConnor, 2010). The center of the knee joint was defined as the midpoint between the 
femoral epicondyle markers (Grood & Suntay, 1983; Weinhandl et al., 2015). The center 
of the ankle joint was defined as the midpoint of the medial and lateral malleoli markers 
(Weinhandl et al., 2015; Wu et al., 2002). Body segment parameters were estimated from 
Dempster (Dempster, n.d.; Weinhandl et al., 2015). 
The kinematic joint motions investigated in this study included the frontal plane 
motions of: 1) knee adduction, referenced as tibia relative to femur, 2) ankle eversion, 
and 3) hip adduction, referenced as femur relative to pelvis. Transverse plane kinematic 
joint motions included 1) knee internal rotation, referenced as tibia relative to femur, and 
2) hip internal rotation, referenced as femur relative to pelvis. Knee flexion was the only 
motion in the sagittal plane to be assessed. Peak angle (PA), and peak velocity (PVel) 
were calculated for each kinematic variable. Peak angles were defined as the maximum 
angle that occurred during stance. Peak velocity was defined as the maximum angular 
velocity that occurred during stance. These kinematic variables were calculated for each 
step, and then the values were averaged across the 20 steps. Variability of kinematic data 
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was calculated as the standard deviations (SD) within the 20 steps at each time point for 
each participant for each variable. This results in measures of peak angle SD (PASD), 
peak velocity SD (PVelSD) and continuous relative phase SD (CRP coupling _SD). In 
this way the SD was analyzed according to each individual rather than evaluating the SD 
of the group means. 
The kinematic data was then be used to calculate continuous relative phase 
(CRP), which represented joint coordination. CRP measures the relative phase of two 
joint motions throughout the entire gait cycle (Hamill et al., 1999). Relative phase is 
calculated by first plotting the phase-plane, which is the position (θ) of one joint versus 
the angular velocity (ω) of the same joint (Hamill et al., 1999). The phase angle is 
derived from the phase-plane as the angle formed by the horizontal line and a line 
connecting the origin and point (θ,ω) (Hamill et al., 1999). The relative phase is the 
difference between the phase angles of two joints, subtracting the distal joint phase angle 
from the proximal phase angle (DeLeo, Dierks, Ferber, & Davis, 2004; Hamill et al., 
1999). CRP values range from -180° to 180°, where 0° represents joint motions that are 
completely in phase, whereas values closer to -180° or 180° represent joint motions that 
are completely out of phase (DeLeo et al., 2004). CRP values were calculated from the 
normalized phase plots for coordination relationships of hip flexion/extension and knee 
internal/external rotation (HiFlx_KnRt), hip abduction/adduction and knee 
internal/external rotation (HiADD_KnRt), knee internal/external rotation and ankle 
everion/inversion (KnRt_AnEv), and hip internal/external rotation and knee 
interal/external rotation (HiRt _KnRt). 
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Statistical Analysis 
 
Group means for age, height, body mass, weekly run distance, run time, NAS 
scores, and AKPS scores were compared using a one-way ANOVA. The kinematic and 
CRP data were compared at the beginning, middle and end of a run. Each variable was 
examined using a 2x3 repeated measures ANOVA using time as the repeated measure to 
determine if there was a significant interaction between group and time. Main effects 
were assessed and reported in the absence of an interaction. In the event of a significant 
result, post-hoc pairwise comparisons using Tukey’s HSD were conducted. The 
significance level was set a priori to .05. Cohen’s D was used to calculate the effect size 
for all statistically significant results. Effect sizes were interpreted as follows: small .2 ≤ 
d <.5, medium .5 < d < .8, and large d ≥ .8. 
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APPENDIX A 
 
EXTENDED INTRODUCTION 
Research Questions 
 
1. Do the differences in joint kinematics and joint coordination group means 
between the groups of PFP and healthy runners, change with time during a 
prolonged run? 
2. Do the differences in joint kinematics and joint coordination variability 
between the groups of PFP and healthy runners, change with time during a 
prolonged run? 
Research Hypotheses 
 
1. We hypothesize that runners with PFP will exhibit altered patterns of kinematics 
and joint coordination indicative of decreased motor control and that exertion will 
exacerbate these differences. 
2. We hypothesize this decreased motor control to be supported by smaller angle, 
peak velocity, and excursion for hip adduction, hip internal rotation, knee internal 
rotation, knee flexion, and ankle eversion in PFP runners. 
3. We expect that for both groups knee adduction angle will decrease with time. 
 
4. We expect the average CRP values for joint couplings will not be different 
between groups, but we do hypothesize that the variability will be significantly 
higher in the healthy runners. 
5. We expect that all differences found between groups for the kinematic and CRP 
values to be the largest at the end of the run when the runners were fatigued and 
pain was highest. 
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Independent Variables 
 
1. Healthy control 
 
a. Beginning 
 
b. Middle 
 
c. End 
 
2. Patellofemoral Pain 
 
a. Beginning 
 
b. Middle 
 
c. End 
 
Dependent Variables 
 
1. Kinematics during stance 
 
a. Knee adduction 
 
i. Peak angle 
 
ii. Peak velocity 
 
b. Knee flexion 
 
i. Peak angle 
 
ii. Peak velocity 
 
c. Knee internal rotation 
 
i. Peak angle 
 
ii. Peak velocity 
 
d. Ankle eversion 
 
i. Peak angle 
 
ii. Peak velocity 
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e. Hip adduction 
 
i. Peak angle 
 
ii. Peak velocity 
 
f. Hip internal rotation 
 
i. Peak angle 
 
ii. Peak velocity 
 
 
 
2. Continuous relative phase 
 
a. Coupling relationships 
 
i. hip flexion/extension and knee internal/external rotation 
(HiFlx_KnRt) 
ii. hip abduction/adduction and knee internal/external rotation 
(HiADD_KnRt) 
iii. knee internal/external rotation and ankle everion/inversion 
(KnRt_AnEv) 
iv. hip internal/external rotation and knee interal/external rotation 
(HiRt _KnRt) 
Limitations 
 
1. The sample for this study is a convenience sample of university students. 
 
2. The sample included both male and female running patterns. 
 
3. The study included participants with a wide range of physical activity levels. 
 
 
 
Delimitations 
48 
 
 
1. Participants were required to run ≥10 miles/week, be between the ages of 18 and 
45, have a heel-strike running pattern, be non-orthotic users, and not have any 
disease that may affect gait. 
2. Participants could not have answered “yes” to any question from the physical 
activity readiness questionnaire. 
3. Participants with PFP must have had knee pain for at least 2 months prior to 
testing, their level of pain during running must have been at least a 3 on the VAS, 
and they must have had pain on at least two activities commonly used to diagnose 
PFP. 
4. Participants could not have had any history of lower extremity injury or surgery 
within the last 6 months. 
Assumptions 
 
1. All participants reported their RPE and VAS ratings honestly and to the best of 
their ability. 
2. All equipment was calibrated in the appropriate manner before each testing 
session. 
3. The retro-reflective markers were placed correctly on the appropriate anatomical 
landmarks. 
4. The participants complete the NAS and AKPS scales honestly and to the best of 
their ability. 
Operational Definitions 
 
1. Prolonged exertion – the period in which the runners reach the stopping criteria 
for the test. 
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2. Stance phase – the period of foot contact with the ground between foot-contact 
and toe-off 
3. Foot-contact – the point at which vertical ground reaction forces ≥50N 
 
4. Toe-off – the point immediately after heel-strike at which vertical ground reaction 
force falls below 50N 
5. Healthy controls – participants with no patellofemoral pain within the last 6 
months 
6. Patellofemoral pain – participants with anterior knee pain that meet the inclusion 
criteria for patellofemoral pain 
7. Peak angle – the maximum angle that occurs during stance 
 
 
Peak velocity – the maximum angular velocity that occurs 
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APPPENDIX B 
EXTENDED LITERATURE REVIEW 
 
 
Patellofemoral pain (PFP) is one of the most frequently seen injuries at the knee 
in running commonly affecting active, young adults and females (Boling et al., 2010; 
Taunton et al., 2002; Willson & Davis, 2008); (Crossley et al., 2015; Glaviano et al., 
2015; Powers et al., 2012). This type of pain is often considered inclusive of a wide range 
of conditions relating to anterior knee pain (Crossley et al., 2015). Conditions that may 
fall under the umbrella of patellofemoral pain include: PFP syndrome, retropatellar, 
peripatellar, or patellofemoral pain, anterior knee pain, patella or patellofemoral 
dysfunction, chondropathy, or chondromalacia patella (Barton et al., 2009). In other 
words, PFP may be used to describe a variety of conditions relating to anterior or 
retropatellar pain that are not the result of a distinct pathology, and will be interpreted as 
such for the purposes of this literature review (Crossley, Bennel, Green, & McConnell, 
2001). Anterior knee pain and PFP are often used synonymously throughout the 
literature, and although some disagreement exists as to the appropriateness of using these 
terms synonymously, for the purposes of this paper the two terms will be understood as 
having the same meaning (Glaviano et al., 2015). 
Presentation 
 
Individuals with PFP often experience pain with squatting, running, and climbing 
stairs, and other activities that increase loading at the patellofemoral joint (Crossley et al., 
2015). In some cases, sitting with the knee in flexion for a prolonged period of time may 
also cause pain (FNP-C & ACNP-BC, 2015). PFP is generally not the result of acute 
trauma, but is often seen as a steady increase in anterior knee pain with an unknown 
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cause (Crossley et al., 2015). PFP may also be associated with knee joint stiffness or 
swelling, limitations of physical activities and activities of daily living, as well as a 
decrease in the quality of life (Crossley et al., 2015; FNP-C & ACNP-BC, 2015). The 
limitations imposed on physical activity due to pain may discourage exercise and lead to 
increases in weight which may make PFP worse due to the increased load on the knee 
joint (Crossley et al., 2015). 
Diagnosis 
 
As patients generally experience increased pain during activities that increase the 
load at the knee, these symptoms are generally used to diagnose PFP in a clinical setting 
(Crossley et al., 2015). The clinical tests available currently do not have any appreciable 
or consistent accuracy for diagnosing PFP (Nunes, Stapait, Kirsten, de Noronha, & 
Santos, 2013). Of the tests available, the squatting test may have the highest sensitivity 
from 79-96% (Nunes et al., 2013). This test has been shown to be more effective than a 
combination of several tests for diagnosing PFP (Nunes et al., 2013). It is suggested that 
other exams including imaging and information obtained during the initial exam be used 
in the diagnosis of PFP (Nunes et al., 2013). Imaging and motion analysis systems may 
be able to detect other features commonly associated with PFP including patellofemoral 
morphology, muscle weakness, and abnormal lower extremity gait patterns, but these 
methods are rarely used (Crossley et al., 2015). Differential diagnoses must be 
undertaken to exclude other sources of PFP such as osteoarthritis in the patellofemoral 
joint, patellar tendinopathy, Osgood Schlatter disease, acute knee trauma, or progressive 
joint diseases (Crossley et al., 2015). 
Causes 
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Although factors such as ligament tears, arthritis, acute trauma, bone bruises or 
stress fracture can have clear relations to the development of PFP, more commonly 
individuals experience what may be called idiopathic PFP where the actual source or 
cause of the pain is largely unknown (Powers et al., 2012). Pain may result from an 
increased amount of stress being conducted from the cartilage to the subchondral bone 
(Besier, Gold, Delp, Fredericson, & Beaupré, 2008). This may aggravate underlying 
nociceptors which activates the perception of pain in the joint (Breugem, 2014; 
Narkbunnam, Chareancholvanich, & Hanroongroj, 2013). 
Current theories regarding the development of PFP focus on a lack of tissue 
homeostasis within the patellofemoral joint, or patellar maltracking, but PFP is also 
present in those individuals with proper patellar tracking (Dye, 2005; Narkbunnam et al., 
2013; Powers et al., 2012). Two other widely discussed possibilities are the presence of 
abnormal kinematics or restrictive coordination patterns in individuals with PFP (Barton 
et al., 2009; Dierks et al., 2011). Investigating the kinematic differences of individuals 
with and without PFP may present important information in regards to the creation of 
therapy and prevention plans for individuals with PFP (Barton et al., 2009). This may 
result in pain reduction and improve physical activity (Crossley et al., 2015). 
Epidemiology 
 
In the discussion of the epidemiology of PFP one must consider the two common 
types of evidence used to report the occurrence of PFP: prevalence and incidence (Boling 
et al., 2010; Hennekens, Mayrent, & Buring, 1987). Prevalence may be defined as the 
number of individuals who have the condition being investigated at a single point in time, 
whereas incidence represents the number of individuals who develop that condition over 
a given amount of time (Boling et al., 2010; Hennekens et al., 1987). 
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Age 
 
PFP is most common in the younger adult population but it is not restricted to this 
age group as it may also affect adolescents and older adults (Crossley et al., 2015). The 
increased risk factor at the younger age group may be due to younger individuals being 
more likely to participate activities that greatly increase loading at the knee for example, 
running and soccer (Taunton et al., 2002). The percentage of PFP diagnoses tends to 
decrease with increasing age after 40 years (DeHaven & Lintner, 1986). In a study of 
patients reporting to a sports medicine center being less than 34 years of age was a 
significant risk factor for PFP in both males and females (Taunton et al., 2002). DeHaven 
et al. (1986) reported the 16 - 19 year age group to have the highest percentage of PFP 
diagnoses (3.3%) out of all diagnoses, followed by the 13 - 15 age group (2.1%) 
(DeHaven & Lintner, 1986). Within a single age group 31 - 40 years had the highest 
within group percentage of PFP diagnoses at 16.4%, followed by the 25 - 30 age group at 
15.2% (DeHaven & Lintner, 1986). A more recent study of the general population 
showed the greatest number of PFP cases in the 50 - 59 age group, followed by 40 - 49, 
and 30 - 39 age groups (Glaviano et al., 2015). It should be noted though that in this 
particular study, the larger number of individuals with PFP in the older populations may 
be due in part to an inappropriately including those with patellofemoral osteoarthritis 
(Glaviano et al., 2015). 
Gender 
 
Females may be more likely than males to develop PFP (Boling et al., 2010). It 
has been found that a significantly higher percentage of women experience PFP 
compared to males (62% vs 32%) (Taunton et al., 2002). With regards to incidence rates 
females have been found to be 2.23 times more likely to develop PFP compared to males 
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(Boling et al., 2010). DeHaven et al. (1987) found that 19.6% of females compared to 
7.4% of males were diagnosed with PFP (DeHaven & Lintner, 1986). In a study of 
United States Naval Academy gender was not found to be a significant predictor of the 
prevalence of PFP, but, despite a lack of significance, females were 25% more likely to 
have a history of PFPS (Boling et al., 2010). It is speculated that females may experience 
a greater risk for developing PFP because of differences in q-angle, dynamic frontal plane 
mechanics, and muscular strength (Boling et al., 2010). The 10 - 19 age group has shown 
particularly large differences in cases of PFP with females accounting for 67% of PFP 
cases compared to males at 33% (Glaviano et al., 2015). 
Sport and Activity Level 
 
PFP is more commonly found in active, younger adults, which is supported by 
PFP being associated with activities that increase load at the knee such as squatting and 
running (Crossley et al., 2015). In support, Taunton et al. (2002) found that women who 
limited their activity to less than 5 hours per week decreased their risk of PFP (Taunton et 
al., 2002). In a study of military recruits during their 6-week basic training, 37% 
developed PFP (Van Tiggelen et al., 2004). The incidence of PFP has been thought to 
increase with increasing amounts of strenuous activities (Van Tiggelen et al., 2004). 
When differentiating between athletes and non-athletes van Middlekoop et al. (2008) 
found no significant differences with regards to patellofemoral pain (12.4% and 9.5% 
respectively), suggesting that the prevalence of PFP in these population is similar (van 
Middelkoop et al., 2008). This lack of difference may be due to the authors’ definition of 
athlete as a sport participant, as PFP has not been shown to be purely the result of sport 
participation. 
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With regards to sports, in football players PFP was the second largest injury 
diagnosis at 9.8% (DeHaven & Lintner, 1986). PFP accounted for only 7.1% of 
basketball injuries, 9.9% of soccer injuries, 16.1% of injuries in track, and 7.7% of 
injuries in baseball (DeHaven & Lintner, 1986). More recent reports of PFP prevalence in 
sports reported rock climbing with the highest prevalence (26.31%), followed by 
volleyball (20.38%), running (16.66%), indoor soccer (15.73%), and outdoor soccer 
(11.88%) (P. Nejati, Forogh, Moeineddin, Baradaran, & Nejati, 2011). 
Running 
 
Running has been a source of academic interest for centuries, and it continues to 
grow (Novacheck, 1998). As an activity, participation in running as a recreational activity 
has increased in recent years with a reported 19 million race finishers in 2013, which 
does not include those who run outside of racing environments (“2015 State of the Sport - 
U.S. Race Trends,” 2015). Unfortunately, running also brings with it a large chance for 
the development of overuse injuries,(Hreljac et al., 2000) largely at the knee joint 
(Taunton et al., 2002). Of the knee injuries in runners, PFP has been shown to be the 
largest contributor to these injuries with 62% of females and 38% of men reporting PFP 
in a population of runners reporting to a sports medicine clinic (Taunton et al., 2002). 
Therefore, with increasing interest in the activity and high occurrences of PFP, running, 
as it affects the lower extremity, warrants further investigation. 
Biomechanics of Running 
 
To begin a discussion of abnormal mechanics in running, it is first necessary to 
understand the normal running biomechanics in a healthy, injury free runners. The term 
gait cycle references the period from the initial contact of one foot to the initial contact of 
the same foot (Ounpuu, 1994). This gait cycle can be divided into two phases: stance 
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phase (ST) and swing phase (SW) (Ounpuu, 1994). During running, ST can be further 
subdivided into absorption and propulsion with midstance (MST) separating these two 
phases (Ounpuu, 1994). SW is broken down into initial swing (ISW) and terminal swing 
(TSW) which are separated by midswing (MSW) (Ounpuu, 1994). Running is 
distinguished from walking in that running consists of two periods of float in which 
neither foot is in contact with the ground (Ounpuu, 1994). With increasing velocity, ST 
will increase and SW will decrease (Ounpuu, 1994). 
Joint Kinematics 
 
Joint kinematics can be defined as the spatial movements of body segments that 
include linear and angular displacements, velocities, and accelerations (Ounpuu, 1994). 
The measurement of these angles tends to be three-dimensional within the anatomical 
planes referencing the distal to the proximal segment (Carollo & Matthews, 2010). 
Compared to walking, running tends to be associated with larger joint ranges of motion in 
the sagittal, frontal, and transverse planes at the ankle, knee, hip, and pelvis (Ounpuu, 
1994). With increasing velocity this joint range of motion increases (Ounpuu, 1994). 
Motions of interest in the sagittal plane include the hip, knee, and ankle. Sagittal 
plane joint motions are much larger than in either the frontal or transverse planes 
(Novacheck, 1998). During absorption the hip extends, the knee flexes and the ankle 
dorsiflexes (Ounpuu, 1994).The propulsive phase includes continued hip extension, the 
knee extends, and the ankle plantarflexes (Ounpuu, 1994). After stance phase, initial 
swing phase encompasses hip flexion, knee flexion, and ankle dorsiflexion (Ounpuu, 
1994). Finally terminal swing phase is associated with slight hip extension, knee 
extension, and slight ankle plantar flexion (Ounpuu, 1994). 
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In the frontal plane the movements of the knee and ankle are generally quite 
restricted (Novacheck, 1998). The hip on the other hand experiences significantly more 
motion (Novacheck, 1998). During absorption and propulsion the hip adducts and then 
abducts, respectively (Ounpuu, 1994). This is followed by abduction during the initial 
swing phase and adduction during the terminal swing phase (Ounpuu, 1994). 
In the transverse plane, absorption includes slight internal rotation at the hip, and 
external rotation of the foot (Ounpuu, 1994). During propulsion, the hip undergoes slight 
external rotation, and the foot internally rotates (Ounpuu, 1994). In the initial swing 
phase, internally rotates to a small extent, and the foot externally rotates (Ounpuu, 1994). 
Finally, during terminal swing the hip continues the small amount of internal rotation, 
and the foot also internally rotates (Ounpuu, 1994). For a summation of the joint motions 
presented in this section see Table 1. 
Patellofemoral Pain and Running Kinematics 
 
Hip Kinematics: Adduction and Internal rotation 
 
Hip adduction angle has generally been shown to be larger in female populations 
with PFP, compared to healthy runners (Esculier, Roy, & Bouyer, 2015; Noehren, 
Sanchez, Cunningham, & McKeon, 2012b; Souza, Draper, Fredericson, & Powers, 
2010). When both genders are included in a sample the results have been less consistent 
(Dierks et al., 2011; Esculier et al., 2015). Females with PFP have exhibited greater hip 
adduction in both stair ascent and descent, squatting, running and jumping (McKenzie, 
Galea, Wessel, & Pierrynowski, 2010; Willson & Davis, 2008). Although a predominant 
amount of the research indicating increased hip adduction has been examined in 
exclusively female populations (McKenzie et al., 2010; Noehren, Sanchez, Cunningham, 
& McKeon, 2012b; Souza et al., 2010), Esculier et al. (2015) investigated this measure in 
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both genders. Esculier et al. (2015) found increased hip adduction angle and joint 
excursion between mid-stance and toe-off in runners with PFP (Esculier et al., 2015). The 
authors attributed these differences in hip adduction to the large proportion of female 
participants (Esculier et al., 2015). The abnormal hip adduction angle may be a result of 
the inappropriate gluteus medius activation in runners with PFP (Esculier et al., 2015). 
Late onset of activation and movement of the gluteus medius early in stance may 
contribute to the abnormal hip adduction observed late in stance (Esculier et al., 2015). 
Increases in hip adduction angle may also be due to weak hip abductor muscles in the 
presence of exertion (Dierks, Manal, Hamill, & Davis, 2008). Prior to exertion, runners 
with PFP exhibit weaker hip abductor musculature compared to healthy runners (Dierks 
et al., 2008). Larger hip adduction angles may increase knee valgus by increasing the 
dynamic Q-angle, creating larger lateral forces and subsequently greater stress at the 
patellofemoral joint (Powers et al., 2012). 
With regards to hip internal rotation, female runners may have greater peak 
internal rotation angles compared to healthy runners (Noehren, Sanchez, Cunningham, & 
McKeon, 2012b; Souza & Powers, 2009). Souza et al. (2009) reported female runners 
with PFP to have significantly increased hip internal rotation during running (Souza & 
Powers, 2009). Greater internal rotation has also been indicated during stair descent as 
reported by McKenzie et al. (2010) (McKenzie et al., 2010). Hip internal rotation, as 
defined by internal rotation of the femur, may be the largest contributor to patellar 
malignment, as increased rotation has been shown to coincide with lateral patellar 
displacement and tilt (Powers et al., 2012; Souza et al., 2010). Peak stress within the 
patellofemoral joint may be increased with increased internal rotation of the femur 
(Besier et al., 2008) as increased internal rotation of the femur has been shown to 
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decrease patellofemoral joint contact area (Salsich & Perman, 2007). Decreased contact 
area without decreasing force would increase patellofemoral joint stress (Salsich & 
Perman, 2007). 
PFP runners may also exhibit more rigid hip mechanics during running (Noehren, 
Sanchez, Cunningham, & McKeon, 2012b). Noehren et al. (2012) found that individuals 
with PFP displayed significantly more hip adduction at the beginning of the run 
compared to healthy runners (Noehren, Sanchez, Cunningham, & McKeon, 2012b). In 
the same study, PFP runners ran with significantly more hip internal rotation at the 
beginning of the run, as well as at the point of maximum pain compared to healthy 
runners (Noehren, Sanchez, Cunningham, & McKeon, 2012b). By the end of the run, 
which was indicated by the point of maximum pain, the healthy runners in this study 
were able to increase hip adduction and internal rotation, in contrast to the PFP runners 
who did not adjust hip mechanics (Noehren, Sanchez, Cunningham, & McKeon, 2012b). 
The lack of change in hip mechanics for individuals with PFP may indicate that PFP 
individuals are unable to compensate, at the hip, for the presence of pain (Noehren, 
Sanchez, Cunningham, & McKeon, 2012b). The rigid hip mechanics may also have 
contributed to pain development, by inducing repetitive stress on the same areas of the 
patellofemoral joint (Noehren, Sanchez, Cunningham, & McKeon, 2012b). 
The change in hip mechanics seen in the healthy runners is contrary to results 
presented by Dierks et al. (2011), in which healthy runners did not exhibit changes in hip 
mechanics (Dierks et al., 2011; Noehren, Sanchez, Cunningham, & McKeon, 2012b). 
Dierks at el. (2011) also reported significantly smaller peak hip adduction angles and 
peak hip adduction velocity in PFP compared to healthy runners (Dierks et al., 2011). 
The differing results could be due to the end-point criteria for the two studies, which for 
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Noehren et al. (2012) was maximum pain, but the endpoint for Dierks et al. (2011) was 
either maximum pain or maximum exertion (Dierks et al., 2011; Noehren, Sanchez, 
Cunningham, & McKeon, 2012b). Noehren et al. (2012) also investigated strictly female 
runners while Dierks et al. (2011) included both genders (Dierks et al., 2011; Noehren, 
Sanchez, Cunningham, & McKeon, 2012b). 
Knee Kinematics: Flexion, Internal Rotation, and Adduction 
 
Runners with PFP may have significantly decreased peak knee flexion angles as 
noted by Dierks et al. (2011), but this measure has not been shown to change with 
prolonged exertion (Dierks et al., 2011). A decrease in knee flexion has been previously 
thought to be a method of decreasing pain in individuals with PFP, as patellofemoral joint 
stress increases with increasing knee flexion (Dierks et al., 2011; Wallace, Salem, 
Salinas, & Powers, 2002). With increasing knee flexion there is a subsequent increase in 
joint reaction force that overcomes the effect of increased or constant patellofemoral 
contact area, thereby increasing the stress at the joint (Wallace et al., 2002). Although 
peak knee flexion angle may not be affected by prolonged exertion, peak knee flexion 
velocity has been shown to be significantly decreased at the end of a prolonged run 
(Dierks et al., 2011). 
The reports regarding the differences between knee internal rotation in individuals 
with PFP are inconclusive, but there may be a trend towards greater internal rotation in 
PFP. In a study of female runners, Noehren et al (2012) reported a trend towards greater 
internal rotation of the knee in runners with patellofemoral pain, but the result was not 
significant (Noehren, Sanchez, Cunningham, & McKeon, 2012b). The authors note that 
this result may be a strategy aimed at reducing pain (Noehren, Sanchez, Cunningham, & 
McKeon, 2012b). Schwane et al. (2015) found greater knee internal rotation displacement 
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in PFP while descending stairs, which could in part be due to the PFP groups making 
initial contact in greater external rotation (Schwane et al., 2015). On the contrary 
participants with PFP may exhibit greater external rotation (less internal rotation) during 
squatting, running, and jumping, but these results were not significant (Willson & Davis, 
2008). Prolonged exertion may increase knee internal rotation peak angle, excursion and 
velocity for both healthy and runners with PFP (Dierks et al., 2011). 
PFP may not influence knee adduction angles, but prolonged exertion may have 
an effect on knee adduction in both healthy and PFP runners (Dierks et al., 2011; 
Noehren, Sanchez, Cunningham, & McKeon, 2012b). In regards to peak knee adduction 
angle both Noehren et al. (2012) and Dierks et al. (2011) reported no significant 
differences between groups (PFP and healthy runners) for peak knee adduction angle 
(Dierks et al., 2011; Noehren, Sanchez, Cunningham, & McKeon, 2012b). On the 
contrary, prolonged exertion has been associated with significantly decreased peak angle 
for knee adduction, and significantly increased peak excursion and velocity for both 
healthy and PFP runners (Dierks et al., 2011). 
Eversion and Tibial Internal Rotation 
 
Consistent results of excessive eversion in subjects with PFP has not been found. 
 
Multiple studies investigating rearfoot eversion in PFP and healthy runners have not 
found significant differences between the two groups in both walking and running 
(Dierks et al., 2011; Levinger & Gilleard, 2007; Noehren, Pohl, Sanchez, Cunningham, & 
Lattermann, 2012a). However, in a study of barefoot walking, Levinger et al. (2005) 
found that individuals with PFP made initial contact in significantly more eversion than 
healthy participants (Levinger & Gilleard, 2005). It has been suggested by Duffey et al. 
(2000) and Hamill et al. (1992) that peak angle of eversion may be less informative than 
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an examination of the timing of lower extremity movements in regards to patellofemoral 
pain (Duffey, Martin, Cannon, Craven, & Messier, 2000; Hamill, Bates, & Holt, 2006). 
Despite a lack of significant differences between groups, peak angle, excursion, and 
velocity of eversion have been shown to increase from the beginning to the end of a 
prolonged run, indicating that prolonged exertion may have an effect on eversion in both 
healthy and PFP runners (Dierks et al., 2011). 
Tibial internal rotation may be affected by both prolonged exertion and the 
presence of patellofemoral pain (Dierks et al., 2011; Noehren, Pohl, Sanchez, 
Cunningham, & Lattermann, 2012a). By the end of a prolonged run, peak angle and peak 
excursion has been shown to increase (Dierks et al., 2011). Noehren et al. (2012) found 
that female runners with PFP exhibited greater tibial internal rotation in regards to peak 
angle compared to healthy runners (Noehren, Pohl, Sanchez, Cunningham, & 
Lattermann, 2012a). No differences between groups in regards to rearfoot and forefoot 
mechanics were found in this study, indicating that altered foot mechanics may not 
necessarily be the cause of the greater internal rotation seen in the PFP group and that 
proximal mechanics at the hip may have a greater influence on the abnormal tibial 
rotation (Noehren, Pohl, Sanchez, Cunningham, & Lattermann, 2012a). This lack of a 
rigid connection between the shank and foot segments is supported in work conducted by 
Dierks et al. (2008) in which increased knee valgus was not associated with abnormally 
low arches (Dierks et al., 2008). 
Contrasting results between studies may arise in part from inconsistencies in the 
definitions of segments for multisegment foot models between different studies (Powers 
et al., 2012). Currently, the relationship between rearfoot eversion and loading at the 
patellofemoral joint is unclear and requires further investigation in regards to its role in 
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PFP (Powers et al., 2012). For a comparison of joint kinematics between healthy and PFP 
see Table 2. 
Why not Q angle? 
 
The Q-angle is equivalent to the angle between the line connecting the center of 
the patella and the tibial tubercle, and the line connecting the center of the patella to the 
anterior superior iliac spine, while the knee is in full extension (Mizuno et al., 2001). This 
Q-angle represents the orientation of resultant force of the quadriceps muscles on the 
patella and increases in this measure can lead to increases in lateral patella contact 
pressure (Mizuno et al., 2001). Although it makes logical sense that differences in Q- 
angle may be associated with PFP, high Q-angles have not been shown consistently to be 
associated with PFP or greater frontal plane knee kinetics (Mizuno et al., 2001; Park & 
Stefanyshyn, 2011). It has also been noted that measurement of the Q-angle is dependent 
on the examiners methodology in measuring Q-angle, as well as the accuracy of their 
anatomical reference points, introducing even greater variability to the measure 
(Stensdotter, Andersson, Rydh, & Häger-Ross, 2009). Therefore, as the relevance of Q- 
angle to PFP is highly debated and unclear, this study will not include a measurement of 
the Q-angle. 
Continuous Relative Phase 
 
Lower Extremity Joint Coupling 
 
An alternative, or additional, method of studying injury mechanics is the study of 
the coordination of lower extremity joints and segments (DeLeo et al., 2004). This study 
of coordination has progressed form joint timing relationships, to joint excursions, to a 
Dynamical Systems Theory (DeLeo et al., 2004). Coordination can be defined as the use 
of accessible degrees of freedom to create a specific movement pattern (Silvernail, Boyer, 
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Rohr, Bruggemann, & Hamill, 2015). A degree of freedom is defined as the ways in 
which a body or segment can move (Latash, Scholz, & Schoner, 2002). A movement 
pattern can be arranged from multiple combinations of degrees of freedom to effectively 
complete the task (Hamill, Palmer, & van Emmerik, 2012). In a healthy, adaptable 
system, there should be multiple degrees of freedom available, and used, in the 
completion of a task (Hamill et al., 2012; Silvernail et al., 2015). 
If one chooses to observe variability from the variability of the end goal, such as 
ball placement in the net while attempting to score a goal, one might expect the expert 
player to be much less variable in where they can place the shot than the beginning player 
(Hamill et al., 2012). On the other hand, if one examines the coordination patterns of the 
lower extremity, there should be greater variability in the expert player than the 
beginning player, as the expert player has the use of a greater number of degrees of 
freedom with which to accomplish the task (Hamill et al., 2012). Therefore, in this way 
variability in the accomplishment of the end goal may decrease with increasing skill, but 
the variability of the ways of performing that task may increase (Hamill et al., 2012; 
Stergiou et al., 2006). In much the same manner that this concept can be applied to sports, 
it may be applied to healthy and injured running states (Silvernail et al., 2015; Stergiou et 
al., 2006). An optimal level of variability has been proposed in which an appropriate 
level of coordination variability may be indicative of a healthy state, where as a decrease 
in that variability may be more indicative of a rigid, confined state with poor adaptability 
(Silvernail et al., 2015; Stergiou et al., 2006). A decrease in coordination variability may 
place repetitive stress on the same structures causing damage over time, and increasing 
the original problem (Hamill et al., 1999). 
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To begin, the lower extremity coupling mechanics must be understood (DeLeo et 
al., 2004). During the stance phase of running there are two functional phases: the 
eccentric, or cushioning phase, and the concentric, or propulsion, phase (DeLeo et al., 
2004). During the eccentric phase, the foot begins to pronate upon contact with the 
ground (DeLeo et al., 2004). Eversion of the calcaneus also allows the foot to be flat on 
the ground (Hamill, Knutzen, & Derrick, n.d.). The tibia will internally rotate, along with 
flexion at the knee (DeLeo et al., 2004). During the propulsive phase the calcaneus 
inverts, the tibia externally rotates, and knee extension occurs (DeLeo et al., 2004). 
Joint timing is important as it is thought that any ansynchrony in these motions 
may cause injury (DeLeo et al., 2004). Abnormal coupling mechanics may lead to 
unnecessary stress being placed on the patellofemoral joint during running (DeLeo et al., 
2004). What joint timing and joint excursion ratios cannot do however, is express joint 
coupling continuous throughout the entire gait cycle (DeLeo et al., 2004). The Dynamical 
Systems Theory supplies a method known as continuous relative phase (CRP) which can 
provide this continuous description of joint coupling (DeLeo et al., 2004). CRP measures 
the relative phase of two segments throughout the entire gait cycle (Hamill et al., 1999). 
Relative phase is calculated by first plotting the phase-plane, which is the position of one 
segment or joint versus the angular velocity of the same segment or joint (Hamill et al., 
1999). The phase angle is derived from the phase-plane (Hamill et al., 1999). The relative 
phase is the difference between the phase angles of two joints or segments, subtracting 
the distal segment phase angle from the proximal phase angle (DeLeo et al., 2004; Hamill 
et al., 1999). CRP values range from -180° to 180°, where 0° represents segments that are 
completely in phase, whereas -180° or 180° represents segments that are completely out 
of phase (DeLeo et al., 2004). 
66 
 
 
Previous research has indicated that individuals with PFP have been shown to 
have lower CRP variability at initial contact and toe-off (Hamill et al., 1999). Although 
CRP variability may be able to indicate the presence of an injury, there is an inherent 
limitation as to its inability to determine the cause of the injury (DeLeo et al., 2004; 
Hamill et al., 1999). Therefore, combining the studies kinematic and coordination 
patterns of the may be incredibly beneficial in the understanding of identification and 
causes of abnormal PFP running biomechanics. 
Hamill et al. (1999) investigated the previously mentioned coupling relationships, 
and found all four to be about 60° out-of-phase at initial contact (Hamill et al., 1999). In 
this study, CRP variability was found to be the greatest at initial contact to pronation 
(Hamill et al., 1999). Runners with PFP were also found to have decreased CRP 
variability in all couplings, with decreases being particularly evident in the transitions 
from stance to swing and swing to stance (Hamill et al., 1999). It should also be noted 
that differences in Q-angle among runners has been previously shown to not influence 
CRP variability (Hamill et al., 1999). 
When examined across the full stride cycle the coordination variability of runners 
with unilateral PFP were very similar between the affected limb and unaffected limb of 
the same runner, and when compared to either limb of healthy runners (Heiderscheit, van 
Emmerik, & Hamill, 2002). When the stride was separated into 5 distinct periods, the 
PFP runners were found to have significantly reduced coordination of the thigh 
rotation/leg rotation coupling, highlighting the importance of examining stance phase in 
regards to distinct periods (Heiderscheit et al., 2002). 
Dierks et al. (2007) reported that CRP coupling relationships tended to be more 
out of phase at the points at the beginning and end of stance phase when the body is 
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loading and unloading (Dierks & Davis, 2007). These periods of uncoupling occur when 
the leg is moving from swing to stance phase (loading) and stance to swing phase 
(unloading) (Dierks & Davis, 2007). These periods were also the periods of greatest CRP 
variability, which the authors suggest would allow the body to adapt to the transitions 
more effectively (Dierks & Davis, 2007). Factors other than knee pain may lead to 
decreases in coordination variability between different segments of the body. In a 
comparison of runners with low back pain to those without, runners with low back pain 
presented with significantly decreased levels of trunk-pelvis coordination variability in 
the transverse plane as calculated by CRP (Seay, van Emmerik, & Hamill, 2011). The 
authors suggest that this decrease in variability may restrict the runners ability to adapt to 
disturbances during running (Seay et al., 2011). For a comparison of CRP variability 
between healthy and PFP see Table 3. 
Calculation of Continuous Relative Phase 
 
After the kinematic data has been filtered, and normalized to 100% of stance phase, the 
normalized angle (θ) is plotted against the normalized angular velocity (ω), creating a 
phase plot (Hamill et al., 1999; 2012). Then the phase plots are normalized according to 
the following formulas: 
 
Normalized angle (θ): (θi) = [2 * (θi  – min(θi))]/ [max(θi) – min(θi)] 
 
where θ = segment angle, i = data point in stance phase, min(θi) = minimum angle over 
the entire stance phase, and max(θi) = maximum angle over the entire stance phase; 
 
Normalized angular velocity (ω): (ωi) = (ωi)/ max|{max(ωi), max(-ωi)}| 
 
where ω = angular velocity, i = data point in stance phase, and max|{max(ωi), max(-ωi)}| 
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= the absolute value of either the maximum or minimum angular velocity such that larger 
value of the two is used. See Figure 1a for an example of the normalized phase plot. 
 
The normalized phase plot is then used to calculate the phase angle (ϕ) (see Figure 
1b) which is the angle formed by the right horizontal line and a line drawn from the 
origin to point (θi, ωi) (see Figure 2). The phase angle is calculated according to the 
following equations: 
 
Quadrant I: ϕ = tan-1(ωi / θi) 
Quadrant II: ϕ = 180 – [tan-1(ωi / θi)] 
Quadrant III: ϕ = 180 + [tan-1(ωi) / θi)] 
Quadrant IV: ϕ = 360 - |tan-1(ωi / θi)| 
To calculate continuous relative phase, the phase angle of the distal segment was 
subtracted from the phase angle of the proximal segment (see Figure 1c) 
 
CRP = [proximal segment (ϕ)] – [distal segment (ϕ)] 
 
The CRP is generally presented as an ensemble plot, plotting the mean CRP, of 20 
steps, and variability of CRP over 100% of stance phase (see Figure 3). 
 
Assessement Tools 
 
Ratings of Perceived Exertion (RPE) 
 
The RPE scale was designed to measure the perceived exertion of the participant 
during some form of exercise (Doherty, Smith, hughes, & Collins, 2001). The scale 
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ranges from 6 (“no exertion at all), to 20 (“maximal exertion”). The RPE scale has been 
shown to have high test-retest reliability during high-intensity treadmill running (ICC: 
0.78 – 0.87) (see Table 4) (Doherty et al., 2001). It is easy to administer and understand, 
but one potential limitation is that it provides interval data in contrast to the continuous 
data provided by the VAS (Borg, 1998). It has also been shown to be a valid tool for 
measuring exercise intensity (Psycharakis, 2011). 
 
Anterior Knee Pain Scale (AKPS) 
 
The AKPS is a 13 question scale designed to assess function within different 
domains associated with knee function (Crossley, Bennell, Cowan, & Green, 2004). Each 
question has various answers with different weights which sum to a perfect score of 100 
indicating no disability due to the knee (Crossley et al., 2004). This is a common tool for 
assessing knee pain in individuals with PFP (Papadopoulos, Thom, Noyes, Jones, & 
Stasinopoulos, 2013). In time frames ranging from 2 to 10 days, the AKPS has strong 
test-retest reliability (ICC: 0.81 -0.95) (see Table 4) (Crossley et al., 2004; Papadopoulos 
et al., 2013; Watson et al., 2005). This scale has also been shown to be a valid tool for 
assessing knee pain (see Table 6) (Crossley et al., 2004; Timm, 1998). 
 
Visual Analog Scale (VAS) 
 
The VAS is a commonly used scale to assess the intensity of an individual’s pain 
(Hawker, Mian, Kendzerska, & French, 2011). It consists of a 10 cm horizontal, or 
vertical, line with the words “no pain” and “worst possible pain” on opposing ends 
(Hawker et al., 2011). The VAS is a simple test to administer, and has been shown to be a 
valid in knee pain populations for a variety of activities (see Table 6) (Flandry, Hunt, 
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Terry, & Hughston, 2006). The VAS also correlates strongly with the Numerical Rating 
Scale (NRS), Verbal Rating Scale (VRS), and the Faces Pain Scale-Revised (FPS-R) 
(Ferreira-Valente, Pais-Ribeiro, & Jensen, 2011). The VAS has been shown to be a 
reliable tool in the assessment of acute pain within 1 minute to 2 hours (ICC: 0.72 -0.98) 
(see Table 4) (Bijur, Silver, & Gallagher, 2001). 
 
NASA Activity Scale (NAS) 
 
The NAS was designed to evaluate the level of self-reported physical fitness 
within the last 30 days(see Appendix D) (Wier et al., 2001). Levels of physical activity 
range from 0 to 10 with 0 to 1indicating low activity, 2 to 3 indicating a moderate amount 
of activity, and 4 to 10 indication regular inclusion of aerobic exercise of varying 
intensities (Wier et al., 2001). It has been previously reported to have a zero-moment 
correlations ranging from 0.58 to 0.63 with the VO2peak, measured during a treadmill 
Bruce protocol (see Table 7) (Jackson et al., 1995; 1990; 1996). Self-reported physical 
activity questionnaires have been determined effective as a measure of cardiovascular 
fitness, when longer testing protocols (e.g. graded exercise tests) are not feasible 
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Table 5. Joint movements in the sagittal, frontal, and transverse planes during running 
 
 
Stance Swing 
 
 
Plane Joint/Segment Absorption Propulsion Initial Swing Terminal Swing ROM 
extension(52° flexion - 50° 
Sagittal Hip extension (50° flexion - 5° flexion) flexion (5° flexion - 50° flexion) 
extension (40° flexion - 20° 
flexion) 46° 
extension (79° flexion - 16° 
Knee flexion (16° flexion - 40° flexion) flexion) flexion (45° flexion -79° flexion) flexion) 63° 
 
Ankle dorsiflexion (0° -24° dorsiflexion) 
adduction (6° adduction - 8° 
plantarflexion (24° dorsiflexion - 
3° plantarflexion) 
abduction (8° adduction - 2° 
dorsiflexion (3° plantarflexion - 3° 
dorsiflexion) 
abduction (2° adduction - 8° 
plantar flexion (3° 
dorsiflexion - 0°) 50° 
adduction (8° abduction - 6° 
Frontal Hip adduction) adduction) abduction) adduction) 14° 
Transverse Hip internal rotation external rotation internal rotation 8° 
 
Foot 
external rotation (10° external - 
12° external) internal rotation (12° external - 0°) external rotation (0° - 14° external) 
internal rotation (14° external 
- 10° external) 14° 
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Table 6. Peak angles in individuals with PFP and those without 
 
 
 
 
Study Dierks et al. (2011) 
Noehren et al. 
(2012)proximal/distal Noehren et al. (2012) (altered kin) 
 
 
 
 
Participants PFP (20, age: 24.1(7.4)), CON (20, age: 22.7(5.6)) 
Females; PFP (16, age: 
27(6)), CON (16, age: 
25(4)) Females; PFP (15, age: 27(6)), CON (15, age: 25(4)) 
 
Activity Running Running Running 
 
PFP CON PFP CON PFP CON 
Beginning End Beginning End No prolonged exertion Beginning Max Pain Beginning Max Pain 
 
Criteria: Max angle during stance 
Max angle during 
stance 
Max angle during first 
75% of stance Peak angle during stance 
Variable  
Eversion 6.7 (3.6) 8.0 (4.0)* 8.5 (4.8) 10.0 (5.0)* 11.2 (4.0) 9.4 (5.3)     
Tibial 
Internal 
Rotation 
 
 
9.4 (3.9) 
 
 
10.8 (4.1)* 
 
 
9.8 (3.5) 
 
 
11.1 (4.3)* 
 
 
10.0 (5.3)# 
 
 
6.5 (3.0)# 
    
Knee 
Flexion 
 
42.5 (6.7) 
 
42.9 (7.0)# 
 
46.3 (5.3) 
 
46.5 (5.4)# 
      
Knee 
Internal 
Rotation 
 
 
1.7 (4.0) 
 
 
2.5 (4.3)* 
 
 
3.3 (5.8) 
 
 
4.4 (5.8)* 
   
 
1.1 (4.9) 
 
 
3.0 (5.5)* 
 
 
1.7 (4.2) 
 
 
2.0 (4.1) 
Knee 
Adduction 
 
1.6 (5.1) 
 
1.2 (5.6)* 
 
1.3 (4.1) 
 
1.1 (4.4)* 
   
-4.1 (4.1) 
 
-5.2 (3.5) 
 
-4.4 (3.3) 
 
-5.05 (3.3) 
Hip 
Adduction 
 
8.7 (5.2) 
 
8.8 (5.7)# 
 
11.8 (3.9) 
 
12.0 (4.3)# 
 
20.0 (3.5)# 
 
17.8 (2.6)# 
 
16.7 (3.2)# 
 
17.1 (4.0) 
 
5.1 (3.9) 
 
6.5 (4.3)* 
Hip Internal 
Rotation 
 
5.1 (6.8) 
 
4.6 (7.2) 
 
6.0 (5.4) 
 
5.8 (5.8) 
 
9.8 (4.2)# 
 
5.2 (3.3)# 
 
9.7 (3.9)# 
 
9.0 (4.4)# 
 
14.4 (3.4) 
 
17.7 (3.2)* 
Note: *significant effect for time (p<.05); # significant effect for group (p<.05) 
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Table 6. Continued 
 
 
Study Souza et al. (2009)  McKenzie et al. (2010)  Levinger et al. (2007) Levinger et al. (2005) 
  
Females; PFP (19, age: 
   
Female; PFP (n=13, 
age: 38.4 (10.11)), 
 
Females; PFP (n=11, age: 36.3 
 
Participants 
27(6)), CON (19, age: 
26(4)) 
  
Female; PFP (10), CON (10) 
 CON (n=14, age: 25.07 
(8.67)) 
(9.5)), CON (n= 14, age: 25.1 
(8.7)) 
Activity Running  Stair ascent/descent  Walking Barefoot walking 
 PFP CON  PFP CON  PFP CON PFP CON 
  Ascent Descent Ascent Descent   
 Average hip internal 
rotation angle during 
    
Peak angle during 
 
Criteria: first 50% of stance  Mean joint angle at initial contact  stance Peak angle at initial contact 
Variable           
Eversion       7.4 (2.9) 7.1 (5.0) 1.62 (4.76)# -5.31 (3.96)# 
Tibial 
Internal 
Rotation 
       
 
12.1 (6.2) 
 
 
11.4 (4.4) 
  
Knee 
Flexion 
   
86.6 (7.4)# 
 
39.9 (6.6)# 
 
82.8 (12.2)# 
 
35.6 (5.2)# 
    
Knee 
Internal 
Rotation 
          
Knee 
Adduction 
          
Hip 
Adduction 
   
6.4 (6.8) 
 
-2.8 (6.7) 
 
5.4 (5.9) 
 
-8.3 (3.4) 
    
Hip 
Internal 
Rotation 
 
 
8.2 (6.6)# 
 
 
0.3 (3.6)# 
 
 
-9.4 (7.2) 
 
 
-11.7 (5.0)# 
 
 
-9.2 (14.9) 
 
 
-17.6 (11.7) 
    
Note: *significant effect for time (p<.05); # significant effect for group (p<.05) 
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Table 6. Continued 
 
 
  Study Esculier et al. (2015)  
 
 
 
Participants 
Female and male; PFP (n = 21; age: 34.1 (6.0)), CON (n = 20; 
age: 33.2 (6.0) 
 
Activity Running 
 
PFP CON 
 
Criteria: 
Variable 
Peak angle 
during stance 
Angle at toe- 
off 
Peak angle 
during stance 
Angle at toe- 
off 
  Eversion  
Tibial 
Internal 
Rotation 
  Knee Flexion  
Knee 
Internal 
Rotation 
Knee 
Adduction 
 
Hip 
Adduction 
 
12.0 (3.4) 
 
8.3 (3.3)# 
 
11.5 (2.9) 
 
4.3 (2.6)# 
Hip Internal 
Rotation 
 
7.9 (5.5) 
 
-4.0 (5.9) 
 
8.2 (5.5) 
 
- 1.5 (4.5) 
Note: *significant effect for time (p<.05); # significant effect for group (p<.05 
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Table 7. Continuous relative phase variability 
 
Note: thigh flexion/extension and tibial rotation (Thf/e – Tibrot), thigh abduction/adduction and tibial rotation (Thab/ad – Tibrot), tibial rotation and foot everion/inversion (Tibrot 
Study Hamill et al. (1999) Heiderscheit et al. (2002) Dierks et al. (2007) 
 
Healthy uninjured runners (20 
Participants PFP (1), CON (1) PFP (8), CON (8) male, 20 female) 
 
Activity Running Running Running 
Method of 
calculation CRP variability Vector coding technique variability across stride cycle CRP variability (between-subject) 
 
 
Coupling 
Relationship 
 
 
 
Stride 
 
PFP 
 
Stance 
 
 
 
Swing 
 
 
 
Stride 
 
CON 
 
Stance 
 
 
 
Swing 
Coupling 
Relationship 
 
 
Injured 
Leg 
 
PFP 
Noninjured 
Leg 
 
 
Injured 
Leg 
 
CON 
Noninjured 
Leg 
Coupling 
Relationship 
 
 
Period 
1 
 
 
Period 
2 
 
 
Period 
3 
 
 
Period 
4 
ThF/E-TibRot 14.26 11.68 16.2 21.96 10.48 30.28 Throt - Lgrot 6.00 5.50 6.2 4.5 RFev/in - Trot 12.6 11 7.6 11.8 
ThAb/Ad-       Thf   - Lgf     RFev/in – Kf/e     TibRot 15.49 14.9 15.93 32.37 14.85 44.88  1 0.9 1.7 0.8  10.3 6.2 5.7 9.8 
TibRot-FtEv/In 29.17 31.22 27.63 24.55 13.43 32.59 Krot - Anin 5.3 3.8 3.7 4.7 Trot  - Kf/e 6.4 5 5.5 8 
FemRot - 
TibRot 28.01 22.73 31.99 29.54 18.08 37.84 Kf - Anin 
 
1.9 2.1 2.6 2.5 RFev/in  – Krot 
 
12.5 10.8 9.6 14.2 
 Kf  - Andor 1.6 0.7 1.6 0.7 Trot - Krot 15.7 12.2 10.8 14.7 
Note: thigh flexion/extension and tibial rotation (Thf/e – Tibrot), thigh abduction/adduction and tibial rotation (Thab/ad – Tibrot), tibial rotation and foot everion/inversion (Tibrot 
– Ftev/in), and femoral rotation and tibial rotation (Femrot – Tibrot) RFev/in - Trot - Krot Trot; Thigh rotation/leg rotation (Throt - Lgrot ), Thigh flexion/ leg flexion (Thf - Lgf ), knee 
rotation/ankle inversion (Krot - Anin ), knee flexion/ankle inversion (Kf - Anin ), knee flexion/ankle dorsiflexion (Kf  - Andor  ); rearfoot eversion-inversion/tibial internal- 
external rotation (RFev/in - Trot ), rearfoot eversion-inversion/knee flexion-extension (RFev/in – Kf/e ), tibial internal-external rotation/ knee flexion-extension (Trot  - Kf/e  ), 
rearfoot eversion-inversion/knee internal-external rotation (RFev/in – Krot ), tibial internal-external rotation/ knee internal-external rotation (Trot - Krot ). 
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Table 8. Reliability of the AKPS, VAS, and RPE scales 
 
 
 
 
Study Population Measurement 
Test-Retest 
Interval ICC 
Bennell et al. (200) PFP (n=24); age: 22.8 (8.2) AKPS 2 days 0.90 
 
Crossley et al. (2004) 
PFP and healthy (n=20); age: 12- 
40yrs 
 
AKPS 
 
7 days 
 
0.81 
Watson et al. (2005) PFP (n=30); age: 35.2 (9.1) AKPS 2-3 days 0.95 
Papadopoulos et al. 
(2013) 
 
PFP (n=20); age: 29.0 (6.6) 
 
AKPS 
 
7-10 days 
 
0.83 
 
Bijur et al. (2001) 
Emergency department patients (n 
=96) 
 
VAS 
 
1 min - 2 hours 
 
0.72 - 0.98 
 
Doherty et al. (2001) 
 
Males (n = 15) 
 
RPE during high intensity running 
4, 30 second 
intervals 
 
0.78 - 0.87 
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Table 9. RPE validity 
 
 
Study Population Measurement Method Outcome 
   Pearson  
 Swimmers (n  product  
Psycharakis = 17; age: RPE - moment  
et al. (2011) 23.4 (2.1)) %Hrmax correlation 0.85 
 
 
RPE - blood 
lactate 
Pearson 
product 
moment 
  concentration correlation 0.82  
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Table 10. VAS validity 
 
 
Study Population Measurement Method Outcome 
Flandry et al. Hospital patients with VAS - Lysholm Pearson product- multiple acitivities; 
(1991) knee pain (n = 117) Knee Scale moment correlation r = (-0.30) - (-0.68) 
  VAS - Noyes 
Knee Scale 
Pearson product- 
moment correlation 
 
Running; r = -0.89 
  VAS - Larson 
Knee Scale 
Pearson product- 
moment correlation 
 
Running; r = -0.95 
 
Ferreira-Valente 
Healthy college 
students (n = 127; age: 
   
Cold-water immersion 
et al. (2011) 22.27 (3.92) VAS - NRS Pearson correlations (7°C); r = 0.96 
   
VAS - FPS-R 
 
Pearson correlations 
Cold-water immersion 
(7°C); r = 0.84 
   
VAS - VRS 
 
Pearson correlations 
Cold-water immersion 
(7°C); r = 0.80 
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Table 11. NAS validation 
 
 
 
Study Population Measurement Method Outcome 
   zero-order  
Jackson et al. Healthy adults  correlation with  
(1990) (n=1,532) NAS VO2peak r = 0.59 
   linear regression  
Jackson et al.   analysis; VO2 peak  
(1995) Males (n = 1,499) NAS and NAS r = 0.58 
   zero-order  
Jackson et al.   correlation with  
(1996) Females (n = 409) NAS VO2peak r = 0.63 
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Figure 5. Example graphs for calculating CRP. a) the normalized plot, phase plot, of 
segment angle (position) and angular velocity, b) the phase angle for each segment 
was calculated from each phase plot, and b) represents the continuous relative phase 
calculated as the difference between the two phase angles at each data point. Figure 
adapted from Hamill et al. (2012) 
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Figure 6. Example of a phase angle. The angle is formed by the right horizontal line and 
the line connecting the origin to point (θi, ωi). 
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Figure 7. Example of an ensemble plot. The thick line represents the mean CRP, and the 
thin lines represent the variability of the CRP. Adapted from Hamill et al. (2012).(Hamill 
et al., 1999) 
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APPPENDIX C 
ADDITIONAL METHODOLOGY 
NASA activity scale (NAS) 
 
Code for physical activity status Select the appropriate number (010) in the space for physical activity code according to which of the following best describes your activity level for the previous month: 
Do not exercise regularly, ie 0 Avoid walking or exertion, eg always use elevator, drive whenever possible instead of walking. 1 Walk for pleasure, routinely use stairs, occasionally exercise sufficiently to cause heavy breathing or perspiration. 
Participate regularly in recreation or work requiring modest physical activity, such as golf, horseback 
riding, calisthenics, table tennis, bowling, weight-lifting or yard work. 2 1060 min per week. 3 Over 1 h per week. 
Participate regularly in heavy physical exercise, eg, running or a comparable activity such as brisk walking, 
indoor biking, swimming, cycling, rowing, skipping rope, running in place, or engaging in vigorous aerobic 
exercise such as tennis, basketball, or handball. 4 Run less than 1 mile per week or walk less than 1.3 miles per week or spend less than 30 min per week in comparable physical activity. 5 Run 15 miles per week or walk 1.36.9 miles per week or spend 3060 min per week in comparable physical activity. 6 Run 610 miles per week or walk 713.9 miles per week or spend 13 h per week in comparable physical activity. 7 Run 1115 miles per week or walk 1420 miles per week or spend 46 h per week in comparable physical activity. 8 Run 1620 miles per week or walk 2126.9 miles per week or spend 79 h per week in comparable physical activity. 9 Run 2125 miles per week or walk 2733.9 miles per week or spend 1012 h per week in comparable physical activity. 10 Run over 25 miles per week or walk over 34 miles per week or spend over 12 h per week in comparable physical activity. 
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ANTERIOR KNEE PAIN (Sheet code:  ) 
Knee: L/R 
Duration of symptoms:  years  months 
 
For each question, circle the latest choice (letter), which corresponds to your knee 
symptoms. 
 
1. Limp (a) None (5) (b) Slight or periodical (3) (c) Constant (0)  
2. Support (a) Full support without pain (5) (b) Painful (3) (c) Weight bearing impossible (0)  
3. Walking (a) Unlimited (5) (b) More than 2 km (3) (c) 1-2 km (2) (d) Unable (0)  
4. Stairs (a) No difficulty (10) (b) Slight pain when descending (8) (c) Pain both when descending and ascending (5) (d) Unable (0)   
5. Squatting (a) No difficulty (5) (b) Repeated squatting painful (4) (c) Painful each time (3) (d) Possible with partial weight bearing (2) (e) Unable (0) 
8. Prolonged sitting with the knees flexed (a) No difficulty (10) (b) Pain after exercise (8) (c) Constant pain (6) (d) Pain forces to extend knees temporarily (4) (e) Unable (0) 
9. Pain (a) None (10) (b) Slight and occasional (8) (c) Interferes with sleep (6) (d) Occasionally severe (3) (e) Constant and severe (0) 
10. Swelling (a) None (10) (b) After severe exertion (8) (c) After daily activities (6) (d) Every evening (4) (e) Constant (0) 
11. Abnormal painful kneecap (patellar) 
movements 
(subluxations) (a) None (10) (b) Occasionally in sports activities (6) (c) Occasionally in daily activities (4) (d) At least one documented dislocation (2) (e) More than two dislocations (0) 
12. Atrophy of thigh (a) None (5) (b) Slight (3) (c) Severe (0) 
  
6. Running (a) No difficulty (10) (b) Pain after more than 2 km (8) 13. Flexion deficiency (a) None (5) (b) Slight (3) 
85 
      (c) Slight pain from start (6) (d) Severe pain (3) (e) Unable (0) 
7. Jumping (a) No difficulty (10) (b) Slight difficulty (7) (c) Constant pain (2) (d) Unable (0) 
(c) Severe (0)    
Reference: Kujala UM, Jaakkola LH, 
Koskinen SK, Taimela S, Hurme M, 
86 
 
 
 
 
Running Data Collection Sheet 
Patellofemoral Pain Study 
Participant ID    Date      
 
Participant Name    
Demographic Data 
 
Sex    
Height  (ft) 
Weight  (lbs) 
Age  (yrs) 
Weekly mileage  (miles) 
 
Derived Data 
 
HRmax  (beats/min) 
85% HRmax  (beats/min) 
 
Collected Data 
Time (min) RPE Pain (0-10) Heart Rate 
0    
5    
10    
15    
20    
25    
30    
35    
40    
45    
50    
55    
60    
 
Treadmill Velocity  (mph) 
Run Time  (min) 
Stopping Criteria: 
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RPE 17    
Hrmax    
VAS 7 (PFP only)    
Volitional Fatigue    
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Visual Analog Scale for Pain 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Rating of Perceived Exertion Scale 
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Rating of Perceived Exertion Scale 
 
 
 
Rating Descriptor 
 
6 No exertion at all 
7 Extremely light 
8 
9 Very light 
10 
11 Light 
12 
13 Somewhat hard 
14 
15 Hard (heavy) 
16 
17 Very hard 
18 
19 Extremely hard 
  20 Maximal exertion  
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APPPENDIX D 
STATISTICAL ANALYSES AND ADDITIONAL GRAPHS 
 
 
Statistix 10.0 Results.sx, 3/29/2017, 1:56:38 PM 
 
Analysis of Variance Table for Ankle Eversion Peak Angle 
 
Source DF SS MS F P 
Subj 5 251.214 50.2428 1.04 0.4819 
Group 1 6.808 6.8084 0.14 0.7223 
Error Subj*Group 5 240.705 48.1409   
Time 2 8.615 4.3073 5.12 0.0294 
Error Subj*Time 10 8.407 0.8407   
Group*Time 2 1.488 0.7442 0.14 0.8706 
Error Subj*Group*Time 10 52.980 5.2980   
Total 35 570.217    
Grand Mean -8.5572   
CV(Subj*Group) -81.08   
CV(Subj*Time) -10.72   
CV(Subj*Group*Time) -26.90   
 
…..(F(2, 10)=5.12, P<.05) 
Statistix 10.0 Results.sx, 3/29/2017, 2:02:02 PM 
 
Tukey HSD All-Pairwise Comparisons Test of ANKPMEAN for Time 
 
Time Mean Homogeneous Groups 
1 -7.8671 A 
3 -8.8595 AB 
2 -8.9448 B 
Alpha 0.05 Standard Error for Comparison 0.3743 
Critical Q Value 3.881 Critical Value for Comparison 1.0273 
There are 2 groups (A and B) in which the means 
are not significantly different from one another. 
 
Statistix 10.0 Results.sx, 3/29/2017, 2:04:01 PM 
 
Polynomial Contrasts of ANKPMEAN by Time 
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Degree = 1, Linear Trend 
 
Contrast -0.7017 SS (Contrast) 5.9089 
Scheffe's F 3.51 P (Scheffe's F) 0.0698 
T-Statistic -2.65 P (T-Statistic) 0.0243 
SE (Contrast) 0.2647   
 
tatistix 10.0 Results.sx, 3/29/2017, 2:06:08 PM 
 
Means of ANKPMEAN for Time 
 
Time Mean 
1 -7.8671 
2 -8.9448 
3 -8.8595 
Observations per Mean 12 
Standard Error of a Mean 0.2647 
Std Error (Diff of 2 Means) 
Error term used: Subj*Time, 10 DF 
0.3743 
 
 
Time 
 
Beginning Middle End 
-7.0 
 
-7.5 
 
-8.0 
 
-8.5 
 
-9.0 
 
 
-9.5 
 
 
Figure 8. Peak Ankle Eversion.Data presented as group means 
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Statistix 10.0 Results.sx, 3/29/2017, 2:17:22 PM 
 
Analysis of Variance Table for Hip Adduction Peak Angle 
 
Source DF SS MS F P 
Subj 5 67.028 13.406 0.12 0.9811 
Group 1 44.436 44.436 0.41 0.5523 
Error Subj*Group 5 547.974 109.595   
Time 2 8.634 4.317 4.62 0.0378 
Error Subj*Time 10 9.335 0.934   
Group*Time 2 4.771 2.385 3.45 0.0727 
Error Subj*Group*Time 10 6.922 0.692   
Total 35 689.100    
Grand Mean 11.555 
CV(Subj*Group) 90.60 
CV(Subj*Time) 8.36 
CV(Subj*Group*Time) 7.20 
 
Statistix 10.0 Results.sx, 3/29/2017, 2:17:59 PM 
 
Tukey HSD All-Pairwise Comparisons Test of HipADDPME for Time 
 
Time Mean Homogeneous Groups 
3 12.015 A 
2 11.774 AB 
1 10.877 B 
Alpha 0.05 Standard Error for Comparison 0.3945 
Critical Q Value 3.881 Critical Value for Comparison 1.0825 
There are 2 groups (A and B) in which the means 
are not significantly different from one another. 
 
Statistix 10.0 Results.sx, 3/29/2017, 2:18:22 PM 
 
Polynomial Contrasts of HipADDPME by Time 
 
Degree = 1, Linear Trend 
 
Contrast 0.8050 SS (Contrast) 7.7757 
Scheffe's F 4.16 P (Scheffe's F) 0.0483 
T-Statistic 2.89 P (T-Statistic) 0.0162 
SE (Contrast) 0.2789   
 
Statistix 10.0 Results.sx, 3/29/2017, 2:18:39 PM 
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Means of HipADDPME for Time 
 
Time Mean 
1 10.877 
2 11.774 
3 12.015 
Observations per Mean 12 
Standard Error of a Mean 0.2789 
Std Error (Diff of 2 Means) 
Error term used: Subj*Time, 10 DF 
0.3945 
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12.5 
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10.0 
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Figure 9. Peak Hip Adduction Angle. Data presented as group means 
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Statistix 10.0 Results.sx, 3/29/2017, 2:25:22 PM 
 
Analysis of Variance Table for Hip Internal Rotation Peak Angle 
 
Source DF SS MS F P 
Subj 5 806.63 161.326 2.58 0.1605 
Group 1 101.60 101.604 1.63 0.2582 
Error Subj*Group 5 312.27 62.454   
Time 2 0.81 0.404 0.68 0.5309 
Error Subj*Time 10 5.98 0.598   
Group*Time 2 0.45 0.226 0.55 0.5921 
Error Subj*Group*Time 10 4.09 0.409   
Total 35 1231.84  
Grand Mean 4.9855  
CV(Subj*Group) 158.51  
CV(Subj*Time) 15.51  
CV(Subj*Group*Time) 12.82  
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Statistix 10.0 Results.sx, 3/29/2017, 2:26:29 PM 
 
Analysis of Variance Table for Knee Adduction Peak Angle 
 
Source DF SS MS F P 
Subj 5 481.235 96.2470 4.43 0.0641 
Group 1 19.608 19.6076 0.90 0.3859 
Error Subj*Group 5 108.706 21.7411   
Time 2 2.093 1.0466 1.57 0.2556 
Error Subj*Time 10 6.673 0.6673   
Group*Time 2 1.769 0.8845 3.98 0.0534 
Error Subj*Group*Time 10 2.221 0.2221   
Total 35 622.305    
Grand Mean 1.7999     
CV(Subj*Group) 259.05     
CV(Subj*Time) 45.39     
CV(Subj*Group*Time) 26.18     
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Statistix 10.0 Results.sx, 3/29/2017, 2:28:23 PM 
 
Analysis of Variance Table for Knee Flexion Peak Angle 
 
Source DF SS MS F P 
Subj 5 244.176 48.8351 1.13 0.4468 
Group 1 33.753 33.7535 0.78 0.4165 
Error Subj*Group 5 215.319 43.0638   
Time 2 11.936 5.9679 7.02 0.0124 
Error Subj*Time 10 8.498 0.8498   
Group*Time 2 2.589 1.2947 0.62 0.5568 
Error Subj*Group*Time 10 20.845 2.0845   
Total 35 537.117    
Grand Mean -41.954 
CV(Subj*Group) -15.64 
CV(Subj*Time) -2.20 
CV(Subj*Group*Time) -3.44 
 
Statistix 10.0 Results.sx, 3/29/2017, 2:29:14 PM 
 
Tukey HSD All-Pairwise Comparisons Test of KneeFlexP for Time 
 
Time Mean Homogeneous Groups 
1 -41.267 A 
3 -41.919 AB 
2 -42.676 B 
Alpha 0.05 Standard Error for Comparison 0.3763 
Critical Q Value 3.881 Critical Value for Comparison 1.0328 
There are 2 groups (A and B) in which the means 
are not significantly different from one another. 
 
Statistix 10.0 Results.sx, 3/29/2017, 2:29:36 PM 
 
Polynomial Contrasts of KneeFlexP by Time 
 
Degree = 1, Linear Trend 
 
Contrast -0.4612 SS (Contrast) 2.5520 
Scheffe's F 1.50 P (Scheffe's F) 0.2690 
T-Statistic -1.73 P (T-Statistic) 0.1138 
SE (Contrast) 0.2661   
 
Degree = 2, Quadradic Trend 
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Contrast 0.8843 SS (Contrast) 9.3838 
Scheffe's F 5.52 P (Scheffe's F) 0.0242 
T-Statistic 3.32 P (T-Statistic) 0.0077 
SE (Contrast) 0.2661   
 
Error term used: Subj*Time, 10 DF 
Statistix 10.0 Results.sx, 3/29/2017, 2:29:56 PM 
 
Means of KneeFlexP for Time 
 
Time Mean 
1 -41.267 
2 -42.676 
3 -41.919 
Observations per Mean 12 
Standard Error of a Mean 0.2661 
Std Error (Diff of 2 Means) 
Error term used: Subj*Time, 10 DF 
0.3763 
 
 
Time 
 
Beginning Middle End 
-40.0 
-40.5 
-41.0 
-41.5 
-42.0 
-42.5 
-43.0 
-43.5 
 
 
Figure 10. Peak Knee Flexion Angle. Data presented as group means 
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Statistix 10.0 Results.sx, 3/29/2017, 2:30:56 PM 
 
Analysis of Variance Table for Knee Internal Rotation Peak Angle 
 
Source DF SS MS F P 
Subj 5 403.599 80.720 2.31 0.1902 
Group 1 139.786 139.786 3.99 0.1022 
Error Subj*Group 5 175.035 35.007   
Time 2 0.393 0.197 0.05 0.9478 
Error Subj*Time 10 36.514 3.651   
Group*Time 2 5.318 2.659 0.69 0.5228 
Error Subj*Group*Time 10 38.392 3.839   
Total 35 799.037  
Grand Mean 2.8860  
CV(Subj*Group) 205.01  
CV(Subj*Time) 66.21  
CV(Subj*Group*Time) 67.89  
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Statistix 10.0 Results.sx, 3/29/2017, 2:31:48 PM 
 
Analysis of Variance Table for Ankle Eversion Peak Angle SD 
 
Source DF SS MS F P 
Subj 5 3.0826 0.61651 0.37 0.8528 
Group 1 0.0157 0.01572 0.01 0.9268 
Error Subj*Group 5 8.4179 1.68359   
Time 2 3.7863 1.89315 4.53 0.0397 
Error Subj*Time 10 4.1768 0.41768   
Group*Time 2 0.9411 0.47055 0.62 0.5589 
Error Subj*Group*Time 10 7.6270 0.76270   
Total 35 28.0474    
Grand Mean 1.2644     
CV(Subj*Group) 102.62     
CV(Subj*Time) 51.11     
CV(Subj*Group*Time) 69.07     
 
Statistix 10.0 Results.sx, 3/29/2017, 2:32:07 PM 
 
Tukey HSD All-Pairwise Comparisons Test of ANKPSD for Time 
 
Time Mean Homogeneous Groups 
3 1.7218 A 
1 1.0647 A 
2 1.0067 A 
Alpha 0.05 Standard Error for Comparison 0.2638 
Critical Q Value 3.881 Critical Value for Comparison 0.7241 
There are no significant pairwise differences among the means. 
Statistix 10.0 Results.sx, 3/29/2017, 2:32:31 PM 
Polynomial Contrasts of ANKPSD by Time 
Degree = 1, Linear Trend 
 
Contrast 0.4647 SS (Contrast) 2.5910 
Scheffe's F 3.10 P (Scheffe's F) 0.0895 
T-Statistic 2.49 P (T-Statistic) 0.0320 
SE (Contrast) 0.1866   
 
Degree = 2, Quadradic Trend 
 
Contrast 0.3156 SS (Contrast) 1.1953 
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Scheffe's F 1.43 P (Scheffe's F) 0.2841 
T-Statistic 1.69 P (T-Statistic) 0.1216 
SE (Contrast) 0.1866   
 
Error term used: Subj*Time, 10 DF 
 
Statistix 10.0 Results.sx, 3/29/2017, 2:33:44 PM 
 
Means of ANKPSD for Time 
 
Time Mean 
1 1.0647 
2 1.0067 
3 1.7218 
Observations per Mean 12 
Standard Error of a Mean 0.1866 
Std Error (Diff of 2 Means) 
Error term used: Subj*Time, 10 DF 
0.2638 
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Figure 11. Peak Ankle Eversion Variability. Data presented as the group means of the standard deviations 
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Statistix 10.0 Results.sx, 3/29/2017, 2:34:31 PM 
 
Analysis of Variance Table for Hip Adduction Peak Angle SD 
 
Source DF SS MS F P 
Subj 5 1.11334 0.22267 1.25 0.4068 
Group 1 0.25646 0.25646 1.44 0.2842 
Error Subj*Group 5 0.89188 0.17838   
Time 2 0.16277 0.08138 0.93 0.4259 
Error Subj*Time 10 0.87436 0.08744   
Group*Time 2 0.29005 0.14502 4.32 0.0446 
Error Subj*Group*Time 10 0.33609 0.03361   
Total 35 3.92494  
Grand Mean 1.0062  
CV(Subj*Group) 41.98  
CV(Subj*Time) 29.39  
CV(Subj*Group*Time) 18.22  
 
Statistix 10.0 Results.sx, 3/29/2017, 2:42:55 PM 
 
Means of HipADDPSD for Group*Time 
Group Time Mean 
 
 
 
 
Observations per Mean 6 
Standard Error of a Mean 0.0748 
Error term used: Subj*Group*Time, 10 DF 
1 1 1.0211 
1 2 0.9651 
1 3 1.2855 
2 1 1.0279 
2 2 0.8673 
2 3 0.8701 
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Figure 12. Peak Hip Adduction Variability 
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Statistix 10.0 Results.sx, 3/29/2017, 2:43:35 PM 
 
Analysis of Variance Table for Hip Internal Rotation Peak Angle SD 
 
Source DF SS MS F P 
Subj 5 1.2305 0.24609 0.33 0.8745 
Group 1 0.6906 0.69060 0.93 0.3791 
Error Subj*Group 5 3.7115 0.74229   
Time 2 2.4124 1.20619 2.88 0.1029 
Error Subj*Time 10 4.1900 0.41900   
Group*Time 2 1.2425 0.62126 1.58 0.2530 
Error Subj*Group*Time 10 3.9273 0.39273   
Total 35 17.4047  
Grand Mean 1.3347  
CV(Subj*Group) 64.55  
CV(Subj*Time) 48.50  
CV(Subj*Group*Time) 46.95  
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Statistix 10.0 Results.sx, 3/29/2017, 2:44:15 PM 
 
Analysis of Variance Table for Knee Adduction Peak Angle SD 
 
Source DF SS MS F P 
Subj 5 1.3923 0.27846 0.53 0.7464 
Group 1 0.4279 0.42793 0.82 0.4067 
Error Subj*Group 5 2.6097 0.52195   
Time 2 0.9276 0.46378 1.56 0.2573 
Error Subj*Time 10 2.9737 0.29737   
Group*Time 2 1.5312 0.76559 4.14 0.0491 
Error Subj*Group*Time 10 1.8505 0.18505   
Total 35 11.7129    
Grand Mean 0.7610     
CV(Subj*Group) 94.94     
CV(Subj*Time) 71.66     
CV(Subj*Group*Time) 56.53     
 
Statistix 10.0 Results.sx, 3/29/2017, 2:45:03 PM 
 
Means of KneeADDPS for Group*Time 
Group Time Mean 
 
 
 
 
Observations per Mean 6 
Standard Error of a Mean 0.1756 
Error term used: Subj*Group*Time, 10 DF 
1 1 0.6159 
1 2 0.6421 
1 3 1.3520 
2 1 0.5278 
2 2 0.8516 
2 3 0.5765 
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Figure 13. Knee Adduction Variability. Data presented as the group means of the standard deviations 
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Statistix 10.0 Results.sx, 3/29/2017, 2:46:29 PM 
 
Analysis of Variance Table for Knee Flexion Peak Angle SD 
 
Source DF SS MS F P 
Subj 5 2.7764 0.55528 0.94 0.5281 
Group 1 1.3882 1.38824 2.34 0.1866 
Error Subj*Group 5 2.9664 0.59328   
Time 2 1.8240 0.91198 3.40 0.0748 
Error Subj*Time 10 2.6839 0.26839   
Group*Time 2 1.7839 0.89196 3.35 0.0769 
Error Subj*Group*Time 10 2.6607 0.26607   
Total 35 16.0835  
Grand Mean 1.2968  
CV(Subj*Group) 59.39  
CV(Subj*Time) 39.95  
CV(Subj*Group*Time) 39.77  
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Statistix 10.0 Results.sx, 3/29/2017, 2:47:03 PM 
 
Analysis of Variance Table for Knee Internal Rotation Peak Angle SD 
 
Source DF SS MS F P 
Subj 5 1.06947 0.21389 0.46 0.7934 
Group 1 0.74575 0.74575 1.60 0.2615 
Error Subj*Group 5 2.32881 0.46576   
Time 2 0.42983 0.21492 1.72 0.2281 
Error Subj*Time 10 1.24987 0.12499   
Group*Time 2 0.38670 0.19335 1.81 0.2140 
Error Subj*Group*Time 10 1.07078 0.10708   
Total 35 7.28120    
Grand Mean 1.0008     
CV(Subj*Group) 68.19     
CV(Subj*Time) 35.32     
CV(Subj*Group*Time) 32.70     
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Statistix 10.0 Results.sx, 3/29/2017, 2:47:48 PM 
 
Analysis of Variance Table for Ankle Eversion Peak Velocity SD 
 
Source DF SS MS F P 
Subj 5 130530 26106.0 4.56 0.0606 
Group 1 39671 39671.4 6.93 0.0464 
Error Subj*Group 5 28617 5723.4   
Time 2 5286 2643.0 2.67 0.1177 
Error Subj*Time 10 9897 989.7   
Group*Time 2 1400 699.8 0.88 0.4455 
Error Subj*Group*Time 10 7973 797.3   
Total 35 223375    
Grand Mean -248.98   
CV(Subj*Group) -30.38   
CV(Subj*Time) -12.64   
CV(Subj*Group*Time) -11.34   
 
Statistix 10.0 Results.sx, 3/29/2017, 2:49:45 PM 
 
Tukey HSD All-Pairwise Comparisons Test of AnkVMEAN for Group 
 
Group Mean Homogeneous Groups 
1 -215.79 A 
2 -282.18 B 
Alpha 0.05 Standard Error for Comparison 25.218 
Critical Q Value 3.633 Critical Value for Comparison 64.778 
All 2 means are significantly different from one another. 
 
Statistix 10.0 Results.sx, 3/29/2017, 2:50:10 PM 
Means of AnkVMEAN for Group 
Group Mean 
1 -215.79 
2 -282.18 
Observations per Mean 18 
Standard Error of a Mean 17.832 
Std Error (Diff of 2 Means) 25.218 
Error term used: Subj*Group, 5 DF 
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Figure 14. Peak Ankle Eversion Velocity. Data presented as the group means 
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Statistix 10.0 Results.sx, 3/29/2017, 2:51:16 PM 
 
Analysis of Variance Table for Hip Adduction Peak Angle SD 
 
Source DF SS MS F P 
Subj 5 9814.8 1962.96 0.34 0.8695 
Group 1 2068.1 2068.09 0.36 0.5758 
Error Subj*Group 5 28904.4 5780.88   
Time 2 5730.7 2865.33 10.53 0.0035 
Error Subj*Time 10 2720.5 272.05   
Group*Time 2 1210.9 605.43 5.76 0.0216 
Error Subj*Group*Time 10 1050.3 105.03   
Total 35 51499.5    
Grand Mean 189.78 
CV(Subj*Group) 40.06 
CV(Subj*Time) 8.69 
CV(Subj*Group*Time) 5.40 
 
Statistix 10.0 Results.sx, 3/29/2017, 2:51:58 PM 
 
Tukey HSD All-Pairwise Comparisons Test of HipADDVME for Group*Time 
 
 Group Time Mean 1,1 1,2 
1,3      
 1 1 173.94   
 1 2 201.52 27.59*  
 1 3 216.62 42.68* 15.10 
 2 1 170.42 3.51 31.10 
46.19      
 2 2 190.54 16.61 10.98 
26.07      
 2 3 185.63 11.69 15.89 
30.99 15.21 4.91    
 
Comparisons of means for the same level of Group 
Alpha 0.05 Standard Error for Comparison 7.9276 
Critical Q Value 4.904 Critical Value for Comparison 27.489 
Error terms used: Subj*Time and Subj*Group*Time 
Comparisons of means for the same level of Time 
Alpha 0.05 Standard Error for Comparison 25.800 
Critical Q Value 5.994 Critical Value for Comparison 109.35 
Error terms used: Subj*Group and Subj*Group*Time 
Comparisons of means for different levels of Group and Time 
Alpha 0.05 Standard Error for Comparison 26.334 
Critical Q Value 5.950 Critical Value for Comparison 110.80 
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Error terms used: Subj*Group and Subj*Time and Subj*Group*Time 
The homogeneous group format can't be used 
because of the pattern of significant differences. 
 
Statistix 10.0 Results.sx, 3/29/2017, 2:52:34 PM 
 
Means of HipADDVME for Group*Time 
Group Time Mean 
 
 
 
 
Observations per Mean 6 
Standard Error of a Mean 4.1838 
Error term used: Subj*Group*Time, 10 DF 
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Figure 15. Hip Adduction Velocity. Data presented as the group means 
H
ip
 A
dd
uc
tio
n 
Ve
lo
ci
ty
 (d
eg
) 
1 1 173.94 
1 2 201.52 
1 3 216.62 
2 1 170.42 
2 2 190.54 
2 3 185.63 
 
112 
 
 
 
 
 
 
 
Statistix 10.0 Results.sx, 3/29/2017, 2:53:20 PM 
 
Analysis of Variance Table for Hip Internal Rotation Peak Velocity 
 
Source DF SS MS F P 
Subj 5 25521.2 5104.23 0.93 0.5302 
Group 1 175.5 175.53 0.03 0.8650 
Error Subj*Group 5 27407.5 5481.50   
Time 2 166.1 83.03 0.50 0.6221 
Error Subj*Time 10 1667.7 166.77   
Group*Time 2 755.8 377.90 2.13 0.1696 
Error Subj*Group*Time 10 1774.0 177.40   
Total 35 57467.8  
Grand Mean 76.182  
CV(Subj*Group) 97.18  
CV(Subj*Time) 16.95  
CV(Subj*Group*Time) 17.48  
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Statistix 10.0 Results.sx, 3/29/2017, 2:54:06 PM 
 
Analysis of Variance Table for Knee Adduction peak Velocity 
 
Source DF SS MS F P 
Subj 5 12037.8 2407.55 0.70 0.6483 
Group 1 1281.4 1281.37 0.37 0.5687 
Error Subj*Group 5 17233.9 3446.78   
Time 2 276.6 138.30 1.07 0.3787 
Error Subj*Time 10 1290.5 129.05   
Group*Time 2 172.8 86.40 1.13 0.3598 
Error Subj*Group*Time 10 761.9 76.19   
Total 35 33054.9    
Grand Mean 83.481     
CV(Subj*Group) 70.33     
CV(Subj*Time) 13.61     
CV(Subj*Group*Time) 10.46     
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Statistix 10.0 Results.sx, 3/29/2017, 2:54:46 PM 
 
Analysis of Variance Table for Knee Flexion Peak Velocity 
 
Source DF SS MS F P 
Subj 5 22035.8 4407.2 1.10 0.4599 
Group 1 10339.2 10339.2 2.58 0.1692 
Error Subj*Group 5 20044.1 4008.8   
Time 2 841.3 420.6 0.98 0.4080 
Error Subj*Time 10 4283.4 428.3   
Group*Time 2 1414.6 707.3 0.83 0.4659 
Error Subj*Group*Time 10 8571.5 857.2   
Total 35 67530.0    
Grand Mean -329.92 
CV(Subj*Group) -19.19 
CV(Subj*Time) -6.27 
CV(Subj*Group*Time) -8.87 
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Statistix 10.0 Results.sx, 3/29/2017, 2:55:22 PM 
 
Analysis of Variance Table for Knee Internal Rotation Peak Velocity 
 
Source DF SS MS F P 
Subj 5 13657.5 2731.50 0.70 0.6467 
Group 1 192.4 192.36 0.05 0.8329 
Error Subj*Group 5 19471.8 3894.36   
Time 2 5223.2 2611.59 2.76 0.1114 
Error Subj*Time 10 9476.4 947.64   
Group*Time 2 354.2 177.09 0.24 0.7920 
Error Subj*Group*Time 10 7417.5 741.75   
Total 35 55793.0    
Grand Mean 128.87     
CV(Subj*Group) 48.43     
CV(Subj*Time) 23.89     
CV(Subj*Group*Time) 21.13     
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Statistix 10.0 Results.sx, 3/29/2017, 2:56:02 PM 
 
Analysis of Variance Table for Ankle Eversion Peak Velocity SD 
 
Source DF SS MS F P 
Subj 5 20607 4121.43 0.83 0.5794 
Group 1 5132 5131.77 1.03 0.3564 
Error Subj*Group 5 24880 4975.93   
Time 2 5189 2594.48 0.95 0.4200 
Error Subj*Time 10 27392 2739.17   
Group*Time 2 7951 3975.47 2.21 0.1609 
Error Subj*Group*Time 10 18027 1802.75   
Total 35 109178    
Grand Mean 49.157     
CV(Subj*Group) 143.50     
CV(Subj*Time) 106.47     
CV(Subj*Group*Time) 86.37     
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Statistix 10.0 Results.sx, 3/29/2017, 2:56:33 PM 
 
Analysis of Variance Table for Hip Adduction Peak Velocity SD 
 
Source DF SS MS F P 
Subj 5 563.5 112.70 0.23 0.9348 
Group 1 1542.3 1542.27 3.12 0.1377 
Error Subj*Group 5 2472.5 494.50   
Time 2 492.3 246.16 0.85 0.4548 
Error Subj*Time 10 2884.1 288.41   
Group*Time 2 1632.5 816.25 2.58 0.1248 
Error Subj*Group*Time 10 3161.9 316.19   
Total 35 12749.2    
Grand Mean 24.412     
CV(Subj*Group) 91.09     
CV(Subj*Time) 69.57     
CV(Subj*Group*Time) 72.84     
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Statistix 10.0 Results.sx, 3/29/2017, 2:57:04 PM 
 
Analysis of Variance Table for Hip Intnernal Rotation Peak Velocity SD 
 
Source DF SS MS F P 
Subj 5 1173.86 234.772 1.95 0.2412 
Group 1 18.65 18.646 0.15 0.7104 
Error Subj*Group 5 603.13 120.626   
Time 2 55.26 27.630 0.52 0.6102 
Error Subj*Time 10 532.20 53.220   
Group*Time 2 125.98 62.992 0.98 0.4099 
Error Subj*Group*Time 10 645.28 64.528   
Total 35 3154.36    
Grand Mean 23.185     
CV(Subj*Group) 47.37     
CV(Subj*Time) 31.47     
CV(Subj*Group*Time) 34.65     
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Statistix 10.0 Results.sx, 3/29/2017, 2:58:09 PM 
 
Analysis of Variance Table for Knee Adduction Peak Velocity SD 
 
Source DF SS MS F P 
Subj 5 300.32 60.064 0.44 0.8084 
Group 1 83.80 83.799 0.61 0.4708 
Error Subj*Group 5 689.21 137.841   
Time 2 553.87 276.935 4.36 0.0435 
Error Subj*Time 10 635.32 63.532   
Group*Time 2 740.90 370.452 5.82 0.0211 
Error Subj*Group*Time 10 636.39 63.639   
Total 35 3639.81    
Grand Mean 17.965     
CV(Subj*Group) 65.35     
CV(Subj*Time) 44.37     
CV(Subj*Group*Time) 44.41     
 
Statistix 10.0 Results.sx, 3/29/2017, 2:58:40 PM 
 
Tukey HSD All-Pairwise Comparisons Test of KneeADDVS for Group*Time 
Group Time Mean Homogeneous Groups 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Error terms used: Subj*Group and Subj*Time and Subj*Group*Time 
There are 2 groups (A and B) in which the means 
are not significantly different from one another. 
1 3 30.667 A 
2 1 20.365 AB 
2 3 15.871 AB 
1 2 14.735 AB 
2 2 13.080 AB 
1 1 13.069 B 
 
Comparisons of means for the same level of Group 
Alpha 0.05 Standard Error for Comparison 4.6038 
Critical Q Value 4.904 Critical Value for Comparison 15.964 
Error terms used: Subj*Time and Subj*Group*Time 
Comparisons of means for the same level of Time 
Alpha 0.05 Standard Error for Comparison 5.4275 
Critical Q Value 5.491 Critical Value for Comparison 21.074 
Error terms used: Subj*Group and Subj*Group*Time 
Comparisons of means for different levels of Group and Time 
Alpha 0.05 Standard Error for Comparison 5.4259 
Critical Q Value 5.492 Critical Value for Comparison 21.069 
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Statistix 10.0 Results.sx, 3/29/2017, 2:59:40 PM 
 
Means of KneeADDVS for Group*Time 
Group Time Mean 
 
 
 
 
Observations per Mean 6 
Standard Error of a Mean 3.2568 
Error term used: Subj*Group*Time, 10 DF 
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Figure 16. Knee Adduction Velocity Variability. Data presented as the group means of the standard 
deviations 
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Statistix 10.0 Results.sx, 3/29/2017, 3:01:44 PM 
 
Analysis of Variance Table for Knee Flexion Peak Velocity SD 
 
Source DF SS MS F P 
Subj 5 4795.4 959.09 2.03 0.2280 
Group 1 1076.2 1076.23 2.28 0.1917 
Error Subj*Group 5 2363.9 472.78   
Time 2 1817.5 908.73 1.57 0.2552 
Error Subj*Time 10 5785.7 578.57   
Group*Time 2 3199.4 1599.71 2.32 0.1483 
Error Subj*Group*Time 10 6884.5 688.45   
Total 35 25922.7  
Grand Mean 34.043  
CV(Subj*Group) 63.87  
CV(Subj*Time) 70.66  
CV(Subj*Group*Time) 77.07  
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Statistix 10.0 Results.sx, 3/29/2017, 3:02:21 PM 
 
Analysis of Variance Table for Knee Internal Rotation Peak Velocity SD 
 
Source DF SS MS F P 
Subj 5 4740.49 948.10 1.91 0.2479 
Group 1 0.02392 0.02 0.00 0.9947 
Error Subj*Group 5 2486.13 497.23   
Time 2 540.487 270.24 0.52 0.6122 
Error Subj*Time 10 5241.77 524.18   
Group*Time 2 2440.78 1220.39 1.15 0.3542 
Error Subj*Group*Time 10 10580.4 1058.04   
Total 35 26030.1    
Grand Mean 38.793     
CV(Subj*Group) 57.48     
CV(Subj*Time) 59.02     
CV(Subj*Group*Time) 83.85     
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Statistix 10.0 Results.sx, 3/29/2017, 3:03:04 PM 
 
Analysis of Variance Table for Ankle Eversion Excursion 
 
Source DF SS MS F P 
Subj 5 276.257 55.2515 0.77 0.6106 
Group 1 70.650 70.6495 0.98 0.3673 
Error Subj*Group 5 359.830 71.9661   
Time 2 16.004 8.0020 3.60 0.0665 
Error Subj*Time 10 22.244 2.2244   
Group*Time 2 2.013 1.0067 0.40 0.6835 
Error Subj*Group*Time 10 25.465 2.5465   
Total 35 772.463    
Grand Mean 16.150 
CV(Subj*Group) 52.53 
CV(Subj*Time) 9.23 
CV(Subj*Group*Time) 9.88 
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Statistix 10.0 Results.sx, 3/29/2017, 3:03:41 PM 
 
Analysis of Variance Table for Hip Adduction Excursion 
 
Source DF SS MS F P 
Subj 5 43.803 8.7606 0.12 0.9833 
Group 1 31.816 31.8156 0.42 0.5457 
Error Subj*Group 5 379.064 75.8127   
Time 2 5.473 2.7363 5.02 0.0310 
Error Subj*Time 10 5.454 0.5454   
Group*Time 2 1.567 0.7833 1.36 0.3014 
Error Subj*Group*Time 10 5.780 0.5780   
Total 35 472.955    
Grand Mean 12.077 
CV(Subj*Group) 72.10 
CV(Subj*Time) 6.12 
CV(Subj*Group*Time) 6.30 
 
Statistix 10.0 Results.sx, 3/29/2017, 3:04:02 PM 
 
Tukey HSD All-Pairwise Comparisons Test of HipADDExc for Time 
 
Time Mean Homogeneous Groups 
2 12.405 A 
3 12.297 AB 
1 11.529 B 
Alpha 0.05 Standard Error for Comparison 0.3015 
Critical Q Value 3.881 Critical Value for Comparison 0.8274 
There are 2 groups (A and B) in which the means 
are not significantly different from one another. 
 
Statistix 10.0 Results.sx, 3/29/2017, 3:04:58 PM 
 
Polynomial Contrasts of HipADDExc by Time 
 
Degree = 1, Linear Trend 
 
Contrast 0.5430 SS (Contrast) 3.5382 
Scheffe's F 3.24 P (Scheffe's F) 0.0821 
T-Statistic 2.55 P (T-Statistic) 0.0290 
SE (Contrast) 0.2132   
 
Degree = 2, Quadradic Trend 
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Contrast -0.4015 SS (Contrast) 1.9345 
Scheffe's F 1.77 P (Scheffe's F) 0.2192 
T-Statistic -1.88 P (T-Statistic) 0.0890 
SE (Contrast) 0.2132   
 
Error term used: Subj*Time, 10 DF 
 
Statistix 10.0 Results.sx, 3/29/2017, 3:05:22 PM 
 
Means of HipADDExc for Time 
 
Time Mean 
1 11.529 
2 12.405 
3 12.297 
Observations per Mean 12 
Standard Error of a Mean 0.2132 
Std Error (Diff of 2 Means) 
Error term used: Subj*Time, 10 DF 
0.3015 
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Statistix 10.0 Results.sx, 3/29/2017, 3:06:04 PM 
 
Analysis of Variance Table for Hip Internal Rotation Excursion 
 
Source DF SS MS F P 
Subj 5 237.750 47.5501 2.37 0.1830 
Group 1 38.178 38.1780 1.90 0.2264 
Error Subj*Group 5 100.405 20.0811   
Time 2 3.809 1.9047 1.03 0.3920 
Error Subj*Time 10 18.495 1.8495   
Group*Time 2 0.602 0.3011 0.31 0.7391 
Error Subj*Group*Time 10 9.663 0.9663   
Total 35 408.903  
Grand Mean 8.8607  
CV(Subj*Group) 50.57  
CV(Subj*Time) 15.35  
CV(Subj*Group*Time) 11.09  
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Statistix 10.0 Results.sx, 3/29/2017, 3:07:54 PM 
 
Analysis of Variance Table for Knee Adduction Excursion 
 
Source DF SS MS F P 
Subj 5 74.291 14.8582 4.48 0.0628 
Group 1 11.785 11.7849 3.55 0.1183 
Error Subj*Group 5 16.600 3.3199   
Time 2 2.719 1.3596 3.76 0.0605 
Error Subj*Time 10 3.614 0.3614   
Group*Time 2 2.324 1.1620 3.35 0.0768 
Error Subj*Group*Time 10 3.464 0.3464   
Total 35 114.796    
Grand Mean 4.9322     
CV(Subj*Group) 36.94     
CV(Subj*Time) 12.19     
CV(Subj*Group*Time) 11.93     
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Statistix 10.0 Results.sx, 3/29/2017, 3:08:44 PM 
 
Analysis of Variance Table for Knee Flexion Excursion 
 
Source DF SS MS F P 
Subj 5 35.123 7.0247 0.10 0.9882 
Group 1 3.587 3.5866 0.05 0.8314 
Error Subj*Group 5 356.617 71.3234   
Time 2 4.017 2.0084 0.36 0.7077 
Error Subj*Time 10 56.105 5.6105   
Group*Time 2 6.267 3.1336 0.68 0.5281 
Error Subj*Group*Time 10 46.006 4.6006   
Total 35 507.722    
Grand Mean 24.394 
CV(Subj*Group) 34.62 
CV(Subj*Time) 9.71 
CV(Subj*Group*Time) 8.79 
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Statistix 10.0 Results.sx, 3/29/2017, 3:09:22 PM 
 
Analysis of Variance Table for Knee Intneral Rotation Excursion 
 
Source DF SS MS F P 
Subj 5 94.003 18.8007 0.86 0.5631 
Group 1 7.927 7.9271 0.36 0.5731 
Error Subj*Group 5 109.151 21.8302   
Time 2 5.535 2.7675 1.86 0.2062 
Error Subj*Time 10 14.906 1.4906   
Group*Time 2 0.740 0.3701 0.32 0.7325 
Error Subj*Group*Time 10 11.524 1.1524   
Total 35 243.786    
Grand Mean 11.089 
CV(Subj*Group) 42.14 
CV(Subj*Time) 11.01 
CV(Subj*Group*Time) 9.68 
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Statistix 10.0 Results.sx, 3/29/2017, 3:10:04 PM 
 
Analysis of Variance Table for Ankle Eversion Excursion SD 
 
Source DF SS MS F P 
Subj 5 9.3673 1.87345 0.68 0.6611 
Group 1 1.1073 1.10727 0.40 0.5551 
Error Subj*Group 5 13.8573 2.77146   
Time 2 0.4982 0.24908 0.44 0.6589 
Error Subj*Time 10 5.7239 0.57239   
Group*Time 2 0.3173 0.15865 0.37 0.7026 
Error Subj*Group*Time 10 4.3375 0.43375   
Total 35 35.2087    
Grand Mean 1.7437     
CV(Subj*Group) 95.48     
CV(Subj*Time) 43.39     
CV(Subj*Group*Time) 37.77     
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Statistix 10.0 Results.sx, 3/29/2017, 3:10:36 PM 
 
Analysis of Variance Table for Hip Adduction Excursion SD 
 
Source DF SS MS F P 
Subj 5 2.0098 0.40196 0.28 0.9034 
Group 1 3.4867 3.48667 2.46 0.1774 
Error Subj*Group 5 7.0813 1.41625   
Time 2 0.8046 0.40232 0.48 0.6321 
Error Subj*Time 10 8.3735 0.83735   
Group*Time 2 4.2717 2.13587 4.09 0.0503 
Error Subj*Group*Time 10 5.2174 0.52174   
Total 35 31.2450    
Grand Mean 1.3852     
CV(Subj*Group) 85.91     
CV(Subj*Time) 66.06     
CV(Subj*Group*Time) 52.14     
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Statistix 10.0 Results.sx, 3/29/2017, 3:13:30 PM 
 
Analysis of Variance Table for Hip Internal Rotation Excursion SD 
 
Source DF SS MS F P 
Subj 5 2.0365 0.40729 0.36 0.8580 
Group 1 0.5608 0.56085 0.49 0.5139 
Error Subj*Group 5 5.6888 1.13776   
Time 2 1.1905 0.59527 0.91 0.4332 
Error Subj*Time 10 6.5381 0.65381   
Group*Time 2 1.2342 0.61708 1.39 0.2931 
Error Subj*Group*Time 10 4.4361 0.44361   
Total 35 21.6850    
Grand Mean 1.4562     
CV(Subj*Group) 73.25     
CV(Subj*Time) 55.53     
CV(Subj*Group*Time) 45.74     
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Statistix 10.0 Results.sx, 3/29/2017, 3:14:23 PM 
 
Analysis of Variance Table for Knee Adduction Excursion SD 
 
Source DF SS MS F P 
Subj 5 2.1713 0.43427 0.51 0.7583 
Group 1 0.1434 0.14336 0.17 0.6973 
Error Subj*Group 5 4.2200 0.84399   
Time 2 0.4395 0.21976 0.73 0.5080 
Error Subj*Time 10 3.0298 0.30298   
Group*Time 2 0.4108 0.20538 0.89 0.4408 
Error Subj*Group*Time 10 2.3072 0.23072   
Total 35 12.7220    
Grand Mean 0.8569     
CV(Subj*Group) 107.21     
CV(Subj*Time) 64.24     
CV(Subj*Group*Time) 56.06     
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Statistix 10.0 Results.sx, 3/29/2017, 3:14:51 PM 
 
Analysis of Variance Table for Knee Flexion Excursion SD 
 
Source DF SS MS F P 
Subj 5 3.1562 0.63123 0.24 0.9301 
Group 1 0.8498 0.84976 0.32 0.5968 
Error Subj*Group 5 13.3366 2.66732   
Time 2 0.3744 0.18719 0.08 0.9280 
Error Subj*Time 10 24.8514 2.48514   
Group*Time 2 11.0680 5.53400 2.61 0.1228 
Error Subj*Group*Time 10 21.2347 2.12347   
Total 35 74.8711    
Grand Mean 2.1263     
CV(Subj*Group) 76.81     
CV(Subj*Time) 74.14     
CV(Subj*Group*Time) 68.53     
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Statistix 10.0 Results.sx, 3/29/2017, 3:15:34 PM 
 
Analysis of Variance Table for Knee Internal Rotation Excursion SD 
 
Source DF SS MS F P 
Subj 5 1.8306 0.36612 0.29 0.9004 
Group 1 2.1693 2.16931 1.71 0.2476 
Error Subj*Group 5 6.3347 1.26693   
Time 2 0.8649 0.43247 0.72 0.5108 
Error Subj*Time 10 6.0145 0.60145   
Group*Time 2 1.8530 0.92648 1.89 0.2011 
Error Subj*Group*Time 10 4.8988 0.48988   
Total 35 23.9658    
Grand Mean 1.5567     
CV(Subj*Group) 72.31     
CV(Subj*Time) 49.82     
CV(Subj*Group*Time) 44.96     
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Statistix 10.0 Results.sx, 3/29/2017, 3:16:51 PM 
 
Analysis of Variance Table for Hip Flexion and Knee Rotation 
 
Source DF SS MS F P 
Subj 5 27567 5513.4 0.50 0.7671 
Group 1 27091 27091.0 2.46 0.1776 
Error Subj*Group 5 55059 11011.8   
Time 2 1587 793.4 0.17 0.8484 
Error Subj*Time 10 47478 4747.8   
Group*Time 2 12219 6109.6 2.10 0.1737 
Error Subj*Group*Time 10 29152 2915.2   
Total 35 200154    
Grand Mean -47.291   
CV(Subj*Group) -221.90   
CV(Subj*Time) -145.70   
CV(Subj*Group*Time) -114.17   
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Statistix 10.0 Results.sx, 3/29/2017, 3:17:22 PM 
 
Analysis of Variance Table for Hip Adduction and Knee Rotation 
 
Source DF SS MS F P 
Subj 5 23223.1 4644.62 1.03 0.4891 
Group 1 1003.6 1003.55 0.22 0.6576 
Error Subj*Group 5 22634.2 4526.84   
Time 2 3264.9 1632.46 1.15 0.3558 
Error Subj*Time 10 14219.7 1421.97   
Group*Time 2 801.2 400.60 0.31 0.7417 
Error Subj*Group*Time 10 13008.6 1300.86   
Total 35 78155.3    
Grand Mean -0.6511     
CV(Subj*Group) -10334.29     
CV(Subj*Time) -5792.00     
CV(Subj*Group*Time) -5539.85     
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Statistix 10.0 Results.sx, 3/29/2017, 3:17:49 PM 
 
Analysis of Variance Table for Knee Rotation and Ankle Eversion 
 
Source DF SS MS F P 
Subj 5 21389.8 4277.97 2.28 0.1932 
Group 1 3828.6 3828.59 2.04 0.2124 
Error Subj*Group 5 9376.0 1875.20   
Time 2 2581.8 1290.88 0.94 0.4219 
Error Subj*Time 10 13703.9 1370.39   
Group*Time 2 60.3 30.16 0.03 0.9731 
Error Subj*Group*Time 10 11034.4 1103.44   
Total 35 61974.8    
Grand Mean -147.97   
CV(Subj*Group) -29.26   
CV(Subj*Time) -25.02   
CV(Subj*Group*Time) -22.45   
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Statistix 10.0 Results.sx, 3/29/2017, 3:18:21 PM 
 
Analysis of Variance Table for Hip Internal Rotation and Knee Internal Rotation 
 
Source DF SS MS F P 
Subj 5 132670 26534.0 1.16 0.4362 
Group 1 10019 10019.5 0.44 0.5368 
Error Subj*Group 5 114066 22813.2   
Time 2 35611 17805.6 2.28 0.1526 
Error Subj*Time 10 78026 7802.6   
Group*Time 2 30163 15081.3 3.45 0.0727 
Error Subj*Group*Time 10 43767 4376.7   
Total 35 444323    
Grand Mean -72.867   
CV(Subj*Group) -207.28   
CV(Subj*Time) -121.22   
CV(Subj*Group*Time) -90.79   
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Statistix 10.0 Results.sx, 3/29/2017, 3:18:50 PM 
 
Analysis of Variance Table for Hip Flexion and Knee Internal Rotation SD 
 
Source DF SS MS F P 
Subj 5 16126 3225.2 0.28 0.9076 
Group 1 3372 3372.0 0.29 0.6137 
Error Subj*Group 5 58279 11655.8   
Time 2 4977 2488.5 2.18 0.1642 
Error Subj*Time 10 11435 1143.5   
Group*Time 2 11148 5573.8 6.23 0.0175 
Error Subj*Group*Time 10 8954 895.4   
Total 35 114290    
Grand Mean 75.491     
CV(Subj*Group) 143.01     
CV(Subj*Time) 44.79     
CV(Subj*Group*Time) 39.64     
 
Statistix 10.0 Results.sx, 3/29/2017, 3:19:26 PM 
 
Tukey HSD All-Pairwise Comparisons Test of HiFlxK~01 for Group*Time 
Group Time Mean Homogeneous Groups 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Error terms used: Subj*Group and Subj*Time and Subj*Group*Time 
There are 2 groups (A and B) in which the means 
are not significantly different from one another. 
1 3 125.51 A 
1 1 73.27 AB 
2 1 70.19 AB 
2 2 69.97 AB 
2 3 57.29 AB 
1 2 56.72 B 
 
Comparisons of means for the same level of Group 
Alpha 0.05 Standard Error for Comparison 18.434 
Critical Q Value 4.904 Critical Value for Comparison 63.920 
Error terms used: Subj*Time and Subj*Group*Time 
Comparisons of means for the same level of Time 
Alpha 0.05 Standard Error for Comparison 38.653 
Critical Q Value 5.883 Critical Value for Comparison 160.80 
Error terms used: Subj*Group and Subj*Group*Time 
Comparisons of means for different levels of Group and Time 
Alpha 0.05 Standard Error for Comparison 39.184 
Critical Q Value 5.857 Critical Value for Comparison 162.28 
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Statistix 10.0 Results.sx, 3/29/2017, 3:20:00 PM 
 
Means of HiFlxK~01 for Group*Time 
Group Time Mean 
 
 
 
 
Observations per Mean 6 
Standard Error of a Mean 12.216 
Error term used: Subj*Group*Time, 10 DF 
 
 
180 
160 
140 
120 
100 
80 
60 
40 
20 
0 
 
CON PFP 
 
 
Beginning Middle End 
Time 
 
Figure 17. Hip Flexion and Knee Rotation Variability. Data presented as the group means of the standard 
deviations 
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Statistix 10.0 Results.sx, 3/29/2017, 3:20:33 PM 
 
Analysis of Variance Table for Hip Adduction and Knee Internal Rotation SD 
 
Source DF SS MS F P 
Subj 5 10830.0 2166.01 1.17 0.4343 
Group 1 4411.0 4411.04 2.38 0.1836 
Error Subj*Group 5 9268.6 1853.72   
Time 2 3079.7 1539.83 2.74 0.1125 
Error Subj*Time 10 5618.9 561.89   
Group*Time 2 3628.7 1814.37 2.44 0.1375 
Error Subj*Group*Time 10 7451.1 745.11   
Total 35 44288.1  
Grand Mean 50.066  
CV(Subj*Group) 86.00  
CV(Subj*Time) 47.35  
CV(Subj*Group*Time) 54.52  
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Statistix 10.0 Results.sx, 3/29/2017, 3:21:09 PM 
 
Analysis of Variance Table for Knee Internal Rotation and Ankle Eversion SD 
 
Source DF SS MS F P 
Subj 5 5526.7 1105.35 0.57 0.7237 
Group 1 8031.0 8031.04 4.14 0.0974 
Error Subj*Group 5 9692.5 1938.49   
Time 2 4182.6 2091.31 4.60 0.0384 
Error Subj*Time 10 4549.6 454.96   
Group*Time 2 5989.4 2994.72 5.52 0.0242 
Error Subj*Group*Time 10 5421.6 542.16   
Total 35 43393.5    
Grand Mean 42.766     
CV(Subj*Group) 102.95     
CV(Subj*Time) 49.88     
CV(Subj*Group*Time) 54.45     
 
Statistix 10.0 Results.sx, 3/29/2017, 3:21:33 PM 
 
Tukey HSD All-Pairwise Comparisons Test of KnRTFtEVS for Group*Time 
 
Group Time Mean 1,1 1,2 1,3 2,1 2,2 
1 1 35.407    
1 2 47.239 11.831  
1 3 90.460 55.053* 43.221 
2 1 30.737 4.670 16.501 59.723   
2 2 27.610 7.797 19.628 62.849 3.127  
2 3 25.142 10.265 22.097 65.318 5.595 2.468 
 
Comparisons of means for the same level of Group 
Alpha 0.05 Standard Error for Comparison 12.891 
Critical Q Value 4.904 Critical Value for Comparison 44.701 
Error terms used: Subj*Time and Subj*Group*Time 
Comparisons of means for the same level of Time 
Alpha 0.05 Standard Error for Comparison 18.327 
Critical Q Value 5.628 Critical Value for Comparison 72.937 
Error terms used: Subj*Group and Subj*Group*Time 
Comparisons of means for different levels of Group and Time 
Alpha 0.05 Standard Error for Comparison 17.926 
Critical Q Value 5.661 Critical Value for Comparison 71.757 
Error terms used: Subj*Group and Subj*Time and Subj*Group*Time 
The homogeneous group format can't be used 
because of the pattern of significant differences. 
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Statistix 10.0 Results.sx, 3/29/2017, 3:21:58 PM 
 
Means of KnRTFtEVS for Group*Time 
Group Time Mean 
 
 
 
 
Observations per Mean 6 
Standard Error of a Mean 9.5058 
Error term used: Subj*Group*Time, 10 DF 
CON PFP 
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Figure 18. Knee Rotation and Foot Eversion Variability. Data presented as the group means of the standard 
deviations 
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Statistix 10.0 Results.sx, 3/29/2017, 3:22:46 PM 
 
Analysis of Variance Table for Hip Internal Rotation and Knee Internal Rotation SD. 
 
Source DF SS MS F P 
Subj 5 23507.1 4701.42 0.75 0.6187 
Group 1 2793.1 2793.11 0.45 0.5334 
Error Subj*Group 5 31242.3 6248.46   
Time 2 979.6 489.79 0.67 0.5345 
Error Subj*Time 10 7338.3 733.83   
Group*Time 2 6860.8 3430.41 1.90 0.2003 
Error Subj*Group*Time 10 18090.2 1809.02   
Total 35 90811.5  
Grand Mean 84.491  
CV(Subj*Group) 93.56  
CV(Subj*Time) 32.06  
CV(Subj*Group*Time) 50.34  
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Statistix 10.0 Results.sx, 3/29/2017, 3:23:26 PM 
 
Analysis of Variance Table for Age 
 
Source DF SS MS F P 
Subj 5 70.2500 14.0500 1.75 0.2779 
Group 1 0.25000 0.25000 0.03 0.8670 
Error Subj*Group 5 40.2500 8.05000   
Error 24 2.032E-28 8.466E-30   
Total 35 110.750    
Grand Mean 21.083 
CV(Subj*Group) 13.46 
CV(Error) 0.00 
 
WARNING: The model error mean square is too small to continue. 
The model may fit the data exactly. 
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Statistix 10.0 Results.sx, 3/29/2017, 3:23:52 PM 
 
Analysis of Variance Table for Height 
 
Source DF SS MS F P 
Subj 5 0.27564 0.05513 9.88 0.0126 
Group 1 0.01952 0.01952 3.50 0.1204 
Error Subj*Group 5 0.02790 5.581E-03   
Error 24 7.953E-31 3.314E-32   
Total 35 0.32306    
Grand Mean 1.6404 
CV(Subj*Group) 4.55 
CV(Error) 0.00 
 
WARNING: The model error mean square is too small to continue. 
The model may fit the data exactly. 
148 
 
 
 
 
 
 
 
Statistix 10.0 Results.sx, 3/29/2017, 3:24:17 PM 
 
Analysis of Variance Table for Body Mass 
 
Source DF SS MS F P 
Subj 5 575.620 115.124 0.76 0.6154 
Group 1 185.950 185.950 1.23 0.3187 
Error Subj*Group 5 758.678 151.736   
Error 24 8.291E-28 3.455E-29   
Total 35 1520.25    
Grand Mean 63.788 
CV(Subj*Group) 19.31 
CV(Error) 0.00 
 
WARNING: The model error mean square is too small to continue. 
The model may fit the data exactly. 
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Statistix 10.0 Results.sx, 3/29/2017, 3:24:44 PM 
 
Analysis of Variance Table for Weekly Run DIstance 
 
Source DF SS MS F P 
Subj 5 250.813 50.1625 0.34 0.8702 
Group 1 14.0625 14.0625 0.09 0.7704 
Error Subj*Group 5 740.813 148.163   
Error 24 6.119E-29 2.550E-30   
Total 35 1005.69    
Grand Mean 11.708 
CV(Subj*Group) 103.96 
CV(Error) 0.00 
 
WARNING: The model error mean square is too small to continue. 
The model may fit the data exactly. 
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Statistix 10.0 Results.sx, 3/29/2017, 3:25:15 PM 
 
Analysis of Variance Table for NAS 
 
Source DF SS MS F P 
Subj 5 6.00000 1.20000 0.17 0.9623 
Group 1 1.00000 1.00000 0.14 0.7210 
Error Subj*Group 5 35.0000 7.00000   
Error 24 1.364E-29 5.682E-31   
Total 35 42.0000    
Grand Mean 7.0000 
CV(Subj*Group) 37.80 
CV(Error) 0.00 
 
WARNING: The model error mean square is too small to continue. 
The model may fit the data exactly. 
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Analysis of Variance Table for AKPS 
 
Source DF SS MS F P 
Subj 5 560.000 112.000 1.15 0.4418 
Group 1 2401.00 2401.00 24.60 0.0042 
Error Subj*Group 5 488.000 97.6000   
Error 24 1.299E-26 5.412E-28   
Total 35 3449.00    
Grand Mean 91.167 
CV(Subj*Group) 10.84 
CV(Error) 0.00 
 
WARNING: The model error mean square is too small to continue. 
The model may fit the data exactly. 
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Statistix 10.0 Results.sx, 3/29/2017, 3:26:19 PM 
 
Analysis of Variance Table for Run Duration 
 
Source DF SS MS F P 
Subj 5 2456.25 491.250 0.65 0.6788 
Group 1 506.250 506.250 0.67 0.4519 
Error Subj*Group 5 3806.25 761.250   
Error 24 9.492E-28 3.955E-29   
Total 35 6768.75    
Grand Mean 36.250 
CV(Subj*Group) 76.11 
CV(Error) 0.00 
 
WARNING: The model error mean square is too small to continue. 
The model may fit the data exactly. 
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Analysis of Variance Table for Velocity 
 
Source DF SS MS F P 
Subj 5 1.96250 0.39250 4.44 0.0639 
Group 1 1.10250 1.10250 12.46 0.0167 
Error Subj*Group 5 0.44250 0.08850   
Error 24 1.269E-29 5.288E-31   
Total 35 3.50750    
Grand Mean 4.6083 
CV(Subj*Group) 6.46 
CV(Error) 0.00 
 
WARNING: The model error mean square is too small to continue. 
The model may fit the data exactly. 
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1. PFP: patellofemoral pain 
APPPENDIX E 
ABBREVIATIONS 
2. CRP: continuous relative phase 
3. R-PFP: running group with patellofemoral pain 
4. CON: healthy control running group 
5. VAS: visual analog scale 
6. RPE: rating of perceived exertion 
7. AKPS: anterior knee pain scale 
8. HR: heart rate 
9. PA: peak angle 
10. PVel: peak velocity 
11. SD: standard deviation 
12. PASD: peak angle standard deviation 
13. PVelSD: peak velocity standard deviation 
14. HiFlx_KnRt: hip flexion/extension and knee internal/external rotation 
15. HiADD_KnRt: hip abduction/adduction and knee internal/external rotation 
16. KnRt_AnEv: knee internal/external rotation and ankle everion/inversion 
17. HiRt _KnRt: hip internal/external rotation and knee interal/external rotation 
18. HiFlx_KnRt_SD: hip flexion/extension and knee internal/external rotation 
standard deviation 
19. HiADD_KnRt_SD: hip abduction/adduction and knee internal/external rotation 
standard deviation 
20. KnRt_AnEv_SD: knee internal/external rotation and ankle everion/inversion 
standard deviation 
21. HiRt _KnRt_SD: hip internal/external rotation and knee interal/external rotation 
standard deviation 
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Sub CRPTemp() 
APPPENDIX F 
CONTINUOUS RELATIVE PHASE EXCEL MACRO 
'Read in data %Read in the data from the appropriate cells 
ReDim dat(2, 101) 
For I = 1 To 2 % I = columns, J=rows 
For J = 1 To 101 
dat(I, J) = Cells(J + 1, I + 1) 
Next J 
Next I 
'Normalization %Normalizing the data by the min and max of the angle and velocity 
ReDim Ndat(2, 101) 
For I = 1 To 2 
For J = 1 To 101 
Ndat(I, J) = dat(I, J) 
Next J 
Next I 
Dim MaxA, MinA, MaxV, MinV 
MaxA = -0 
MinA = 1000 
MaxV = -1000 
MinV = 1000 
For J = 1 To 101 
If MaxA < Ndat(1, J) Then MaxA = Ndat(1, J) 
If MinA > Ndat(1, J) Then MinA = Ndat(1, J) 
If MaxV < Ndat(2, J) Then MaxV = Ndat(2, J) 
If MinV > Ndat(2, J) Then MinV = Ndat(2, J) 
Next J 
For J = 1 To 101 % restricting the data to be between 1 and -1 
Ndat(1, J) = 2 * (Ndat(1, J) - MinA) / (MaxA - MinA) - 1 
Ndat(2, J) = 2 * (Ndat(2, J) - MinV) / (MaxV - MinV) - 1 
Next J 
'CRP Angle 
ReDim CRPA(101) 
For J = 1 To 101 
If Ndat(1, J) > 0 Then  'Angle >0 
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If Ndat(2, J) = 0 Then 'V=0 
CRPA(J) = 0 
ElseIf Ndat(2, J) > 0 Then 'V>0, first Quadrant 
CRPA(J) = (180 / 3.1415926) * Atn(Ndat(2, J) / Ndat(1, J)) 
Else  'V>0, fourth Quadrant 
CRPA(J) = -(90 - (180 / 3.1415926) * Atn(Ndat(1, J) / Abs(Ndat(2, J)))) 
End If 
ElseIf Ndat(1, J) < 0 Then 
If Ndat(2, J) = 0 Then 
CRPA(J) = 180 
ElseIf Ndat(2, J) > 0 Then  'V>0, second Quadrant 
CRPA(J) = 90 + (180 / 3.1415926) * Atn(Abs(Ndat(1, J)) / Ndat(2, J)) 
Else   'V<0, third Quadrant 
CRPA(J) = -(180 - (180 / 3.1415926) * Atn(Abs(Ndat(2, J)) / Abs(Ndat(1, J)))) 
End If 
Else 
If Ndat(2, J) > 0 Then CRPA(J) = 90 
If Ndat(2, J) < 0 Then CRPA(J) = 270 
End If 
Next J 
 
 
'output 
'Cells(19, 9) = MaxA 
'Cells(19, 10) = MinA 
'Cells(20, 9) = MaxV 
'Cells(20, 10) = MinV 
For J = 1 To 101 
Cells(J + 1, 4) = CRPA(J) 
Next J 
 
'For I = 1 To 2 
' For J = 1 To 101 
' Cells(J + 1, I + 4) = Ndat(I, J) 
' Next J 
'Next I 
 
End Sub 
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APPPENDIX G 
IRB DOCUMENTS 
Research Compliance Combined Cover Page Georgia Southern University 
Application for Research Approval 
 
 
 
 
 
 
 
 
 
 
 
 
Investigator Information: Name of Principal Investigator: Klarie Ake Phone: (336)239-7108 For Office Use Only: Protocol ID:    Date Received: Email: Ka03521@georgiasouthern.edu (Note: Georgia southern email addresses will be used for correspondance.) 
Faculty; Doctoral; Specialist; Masters Undergraduate 
Department Name and PO Box: School of Health and Kinesiology P.O. Box 8076  Name(s) of Co-Investigators: Li Li, PhD Phone: (912) 478-8015  
 Email addresses: lili@georgiasouthern.edu Faculty; Doctoral; Specialist; Masters Undergraduate 
(If multiple: identify by initial letter behind name. E.g., F for faculty) Department Name and PO Box: School of Health and Kinesiology P.O. Box 8076  Personnel and/or Institutions Outside of Georgia Southern University involved in this research (Attach training certification): none 
Project Information: (Note: funded project titles must match grant title) Title: Effect Anterior Knee Pain and Fatigue on Lower Extremity Joint Kinematics Brief (less than 50 words) Project Summary: The objective of this study is to determine the effect of pain, particularly anterior knee pain, and fatigue on lower extremity kinematics during a run by comparing a group of healthy participants to a group of participants with self- diagnosed anterior knee pain. 
Compliance Information: 
Please indicate which of the following will be used in your research: (application may be submitted simultaneously) 
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Please indicate if the following are included in the study (Check all that apply): Human Subjects Incentives Informed Consent Document Greater than minimal risk Research Involving Minors Deception Generalizable knowledge (results are intended to be published) Survey Research At Risk Populations (prisoners, children, pregnant women, etc) Video or Audio Tapes Medical Procedures, including exercise, administering drugs/dietary supplements, and other procedures 
Research Teaching Demo only Student participation in faculty work Class Project Exhibition Display 
Please indicate if the following are included in the study: Physical intervention with vertebrate animals Housing of vertebrate animals Euthanasia of vertebrate animals Use of sedation, analgesia, or anesthesia Surgery Farm animals for biomedical research (e.g., diseases, organs, etc.) Farm animals for agricultural research (e.g., food/fiber production, etc.) Observation of vertebrate animals in their natural setting 
 
 
 
 
 
 
Human Subjects (Complete Section A:  Human Subjects below) Care and Use of Vertebrate Animals (Complete Section B: Care and Use of Vertebrate Animals below) Biohazards (Complete Section C:  Biohazards below) 
Do you or any investigator on this project have a financial interest in the subjects, study outcome or project sponsor. (A 
disclosed conflict of interest will not preclude approval. An undisclosed conflict of interest will result in disciplinary action.). Project Start Date: December, 2015 End Date: December, 2016 (no more than 1 year) Anticipated renewals year 2 year 3 Check one: New submission  Resubmission #   Funding Source: Federal State Private Internal GSU Self-funded/non- funded Funding Agency:    Not Applicable  
 
  
  
 
 
  
 
 
 
 
 
 
 
 
 
 
Purpose of use/care of animals: 
Purpose of Research: (Check all that apply) 
 Publication/use in thesis/dissertation Publication (journal, book, etc.) Poster/presentation to a scientific audience Completion of a class project Presentation to GSU audience only Presentation in outside of GSU Results will not be published Other 
(attach copy of completion Date of IRB education completion: 
certificate) 
50 Number of Subjects (Maximum) Section A:  Human Subjects Not Applicable 
Section B: Care and Use of Vertebrate Animals Not Applicable 
Section C: Biological Research Not Applicable Submitted Separately 
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Please indicate if the following are included in the study: 
 Use of rDNA Non native/invasive plant species Last EHS lab safety inspection date: _Attach Report   Last IBC biosafety lab inspection date:    Attach Report   
 
 
 
 
 
 
 
 
Signature of Applicant(s): (PI, CoPI) Date: 
 X 
If student project please complete research advisor’s information below (note that advisor 
signature must be received before application will be reviewed.): Research Advisor’s Name: Li Li, PhD Advisor’s E-mail: lili@georgiasouthern.edu Advisor’s Phone: (912) 478-8015 Advisor’s Department: School of Health And Kinesiology P.O. Box: 8076 If student project - Signature of faculty member who is responsible for the student conducting research. If faculty project – Signature of department head or chair. 
By signing this cover page I acknowledge that I have reviewed and approved this protocol for scientific merit, 
rational and significance. I further acknowledge that I approve the ethical basis for the study. 
Signature of Committee Chair/Research Advisor (if student) Department Chair(if faculty): Date: 
 X 
 Please submit this protocol to the Georgia Southern University Research Compliance Office, c/o The Office of Research Services & Sponsored Programs, P.O. Box 8005. The application should contain all required documents specific to the committee to which you are applying. Questions or comments can be directed to (912)478-0843 or IRB@georgiasouthern.edu  Fax 912-478-0719. 
For optional email submission: Save the application forms to your computer. Complete the forms and 
name them beginning with your last name and first initial. Email the entire submission package to 
IRB@georgiasouthern.edu in a single email. Original signature pages may follow by mail or fax. 
(Signatures located on cover page, certification of investigator responsibilities and last page of application 
where certifications required.) 
Biosafety Level: 
 Exempt BSL 1 BSL 2 BSL 3 
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IRB Proposal Narrative 
 
Title of Project: The effects of patellofemoral pain on lower extremity kinematics, kinetics, and muscle activity during a prolonged run  
Personnel 
 Klarie Ake, Student, College of Health and Human Sciences Jessica Mutchler, Assistant Professor, College of Health and Human Sciences Li Li, Ph.D., Research Professor, College of Health and Human Sciences  Klarie Ake will be the primary investigator on this project. She will be responsible for the design and planning of the study as well as for participant recruitment, data collection, analysis, and interpretation. Dr. Mutchler will provide assistance with data collection, data analysis and data interpretation. Dr. Li will advise and guide the project, as well as participate in the data collection, analysis, and interpretation. All investigators for this project have completed the appropriate CITI training and the certificates are included with this submission.  
Purpose 
 The primary objective of this study is to determine the effect of patellofemoral pain on lower extremity kinematics, kinetics, and muscle activity during a run by comparing a group of healthy participants to a group of participants with patellofemoral pain. Secondly, the data will be analyzed to examine differences in kinematics, kinetics, and muscle activity between beginning of the run and at the end of the run, when the runners are in an exerted state.  
Literature Review Patellofemoral pain (PFP) is a common overuse injury that may be defined as pain behind, or around the patella. (Crossley, Callaghan, & van Linschoten, 2015; Glaviano, Kew, Hart, & Saliba, 2015; Powers, Bolgla, Callaghan, Collins, & Sheehan, 2012) Although factors such as ligament tears, arthritis, acute trauma, bone bruises or stress fracture can have clear relations to the development of PFP, more commonly individuals experience what may be called idiopathic PFP where the actual source or cause of the pain is largely unknown.(Powers et al., 2012) In the general population 8-17% of all knee complaints presenting are related to PFP in both athletes and non-athletes, across a wide range of ages.(Kannus, Aho, Jarvinen, 
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      & Nittymaki, 1987; van Middelkoop, van Linschoten, Berger, Koes, & Bierma- Zeinstra, 2008; Wood, Muller, & Peat, 2011) The knee has been shown to be the most common site of injury in runners, approximately 33 - 42% of all injuries, with PFP being the most common injury overall.(Taunton et al., 2002) It has also been estimated that 1 in 6 adults will present with a patellofemoral disorder, and rates of PFP development may be increasing.(Glaviano et al., 2015; Wood et al., 2011) The understanding of PFP and possible treatments is critical to improving activities of daily living, physical activity and overall quality of life for individuals with PFP.(Crossley et al., 2015) Running is a popular fitness activity, and has multiple health benefits that make the activity more attractive.("State of the Sport", 2015) It is also a convenient form of exercise that requires very little skill to perform.(Kravitz et al., 2007) From 1993-2013, the number of people finishing running events has increased by 300% to a record 19 million finishers in 2013.("State of the Sport", 2015) On the other hand, running may also lead to the development of several lower extremity injuries due to overuse, (Hreljac, Marshall, & Hume, 2000) the most common of which are related to PFP.(Taunton et al., 2002) In 2014, 57% of the 18.75 million runners were female, and most runners were between the ages of 25-44.("State of the Sport", 2015) Previous research has indicated that the incidences of PFP are higher in females and younger populations.(Wood et al., 2011)This increase in popularity of running, especially for those with a higher risk for PFP, and the high rate of running injuries to the knee, make it all the more necessary to investigate PFP in runners.("State of the Sport", 2015; Taunton et al., 2002) It has been shown previously that kinematic, kinetic, and muscular activity differences exist between healthy runners, and those with PFP.(Aminaka, Pietrosimone, Armstrong, Meszaros, & Gribble, 2011; Briani et al., 2016; Dierks, Manal, Hamill, & Davis, 2011) Although differences in kinematic data have been cited in the literature, the results are unclear, possibly due to sample populations and methodology.(Barton, Levinger, Menz, & Webster, 2009; Dierks et al., 2011; Noehren, Pohl, Sanchez, Cunningham, & Lattermann, 2012a; Noehren, Sanchez, Cunningham, & McKeon, 2012b; Powers et al., 2012) With regards to kinetics, runners with PFP have been shown to have increased internal knee abduction moments, as well as increased internal knee abduction impulse.(Aminaka et al., 2011) Finally, it has been proposed that altered muscle activity may contribute to PFP, which has been demonstrated as delayed vastus medialis activation and shorter gluteus medius activation in those with PFP.(Aminaka et al., 2011) These differences may also be altered by participants running in an exerted state, which may influence muscle strength and possibly change the kinematics and 
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      kinetics of the lower extremity.(Dierks et al., 2011; Dierks, Manal, Hamill, & Davis, 2008) Knee internal rotation peak angles, excursions, and peak velocities, as well as tibial internal rotation, have been shown to increase during running in an exerted state.(Dierks, Davis, & Hamill, 2010) The development of pain and alteration of running mechanics may be linked with the onset of pain.(Dierks et al., 2011) The unclear relationship between these different types of measurements with the lower extremity makes it necessary to include all measures (kinematics, kinetics, and muscle activity) on the same sample in order to gain a more thorough perspective on PFP during running.(Powers et al., 2012) Currently, there is a lack of literature investigating the kinematics, kinetics, and muscle activity of the lower extremity within the same population. Therefore, the purpose of this project will be to 1) compare the kinematic, kinetic, and muscle activity of the lower extremity in runners with and without PFP, and 2) to compare the same measures before and after exertion.  
Outcomes  We expect that runners with PFP will exhibit altered kinematics, kinetics, and muscle activation patterns when compared to their healthy counterparts.  
Describe your participants 
 We will recruit 20 participants with self-diagnosed PFP between the ages of 18 and 35. We will also recruit 20 healthy participants between the ages of 18 and 35, free from any lower extremity injury. All participants will be recreational runners, as defined by consistently running at least 10 miles per week. All participants will run at a self-selected running speed and be fitted with a neutral running shoe. All participants will be identified according to coded numbers and their data will be processed, analyzed and interpreted using these numbers to protect the participants’ confidentialities. Any documents obtained from the participants will be stored according to their coded numbers in a locked filing cabinet. No incentives will be provided to the participants for participation in this study.  
Recruitment and Incentives 
 We will recruit runners from the University campus by word of mouth. There will not be any incentives offered to the participants of this study. 
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Research Procedures and Timeline 
 This study will be performed in the Biomechanics Laboratory. The testing will occur only once and last approximately two hours. The participants will be informed about the testing procedures and possible risks and be asked to sign the informed consent forms. They will then be asked to fill out a medical history questionnaire, activity level questionnaire, and provide basic demographic data. Heart rate maximum will also be calculated at this time as 220 – age, and recorded. The participants will then be fitted with the appropriate neutral running shoe provided by the Biomechanics Lab. A heart rate (HR) monitor (Polar Electro Inc. Lake Success, NY), electromyography (EMG) electrodes (Delsys Inc., Boston, MA), and markers for the 3-D motion capture system (Vicon Motion Systems Ltd., Oxford, UK) will then be placed on the participant. Participants will then complete a five minute warm-up on the instrumented treadmill at a self-selected pace. The participants will be given the opportunity to stretch if they so choose. After the warm-up, the participants will begin the run at their preferred running pace. During the prolonged run, kinematic, kinetic, EMG, and HR data, as well as rate of perceived exertion (RPE), and pain scores will be taken at 5-minute intervals throughout the run. The run will continue until one of the following conditions are met: 1) 85% of the participants HR maximum is reached, 2) a score of 17 on the RPE scale (6-20), 3) a score of 7 out of 10 on the visual analog scale for pain (for the PFP group only), or 4) volitional fatigue. After the run, the participants will perform a cool down walk.  
Data Analysis 
 
Instruments and biomechanical analysis Kinetic data will be collected by an instrumented treadmill at 1200Hz and kinematic data will be collected by Vicon motion capture system at 200Hz. Participants will also wear a Polar heart rate monitor throughout the test. Kinematic data will be filtered using a 14Hz low-pass, 0 lag Butterworth filter. EMG data will be band-pass filtered using a 4th order, 0 lag, Butterworth filter. Post-processing will be conducted using C-Motion software and a custom code.  
Statistical analysis A MANOVA with repeated measures will be conducted to analyze outcome variables (SPSS 23.0 system). Alpha level will be set at 0.05. All data will be kept separate and in a password protected computer. 
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Risks 
 Possible risks include muscle fatigue and soreness, and the possibility of increased knee pain in the group with PFP. We will attempt to minimize risk as much as possible by not exceeding the normal training routines of the runners. We will also attempt to minimize risk by informing the runners that they may stop at any point if they are too uncomfortable to continue. The warm up / cool down walks will be provided to decrease risks associated with sudden starting / stopping exercise. Water, towels, and ice will also be provided to minimize discomfort, and dehydration if the runners so choose. There is also the possibility of the participants’ information not being kept confidential. Every effort will be made to ensure confidentiality is maintained. All data will be deidentified and stored in a password protected computer. Signed consents and all other paper documents will be kept in a locked cabinet in a locked room.  
Research involving minors 
 This study will not involve minors.  
Deception 
 There will be no deception used in this study.  
Medical procedures 
 There will be no medical procedures used in this study.  
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COLLEGE OF Health and Human Sciences 
 
SCHOOL OF Health and Kinesiology 
 
 
INFORMED CONSENT FORM 
Principal Investigators: Klarie Ake, Student, Jessica Mutchler PhD, Assistant Professor and Li Li, PhD, Research Professor  
Title of Project: The effects of patellofemoral pain on lower extremity 
kinematics, kinetics, and muscle activity during a prolonged run 
 
Purpose of the Study: The primary objective of this study is to determine the effect of patellofemoral pain (PFP), or anterior knee pain, on lower extremity movement, forces, and muscle activity during a run by comparing a group of healthy participants to a group of participants with PFP. Secondly, the data will be analyzed to examine differences between beginning of the run and at the end of the run, when the runners are in an exerted state.  
Testing Procedures: This study will be performed in the Biomechanics Laboratory. The testing will occur only once and last approximately two hours. You will be informed about the testing procedures and possible risks and be asked to sign the informed consent forms. You will then be asked to fill out medical history and activity level questionnaires, and provide basic demographic data. 1. You will then be fitted with a neutral running shoe provided by the Biomechanics Lab. 2. A heart rate (HR) monitor (Polar Electro Inc. Lake Success, NY), and small markers and electrodes will be placed on you to monitor safety, movement, and muscle activity. 3. You will then perform a warm-up at a self-selected pace, and stretch if you choose. 4. You will then begin the prolonged run at a self-selected pace that you think you can maintain for at least 20 to 30 minutes. 
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      5. Data regarding lower extremity movement, forces, muscle activity, perceived exertion, heart rate, and pain scores will be collected at five- minute intervals during the prolonged run. 6. The run will continue until one of the following conditions are met: 1) 85% of your HR maximum is reached, 2) a score of 17 on the RPE scale of 6-20, 3) a score of 7 out of 10 on the visual analog scale for pain (for the PFP group only) or 4) you do not wish to continue running. 7. After the prolonged run, you will perform a cool down walk.  
Discomforts and Risks: Possible risks include muscle fatigue and soreness, and the possibility of increased knee pain in the group with PFP. We will attempt to minimize risk as much as possible by allowing you to select the pace of the run. We will also attempt to minimize risk by ensuring that you are aware that you may stop at any point if you are too uncomfortable to continue. The cool down walk will be provided to decrease risks associated with suddenly stopping exercise. Water, towels, and ice will also be provided to minimize discomfort, and dehydration if you so choose. There is also the possibility of your information not being kept confidential, but we will do our utmost to ensure that the information stays within a locked office on password protected computers.  
Benefits: There are no direct benefits offered to you for participation in this study. Despite this, the benefit to society will be to contribute to the body of knowledge regarding possible knee injury mechanisms, as well as the effect of pain and fatigue on the lower extremity. This information may be used to develop strategies to prevent these types of injuries and to create new treatments related to running injuries.  You will attend one testing session lasting approximately two hours.  
Statement of Confidentiality: Every effort will be made to ensure confidentiality is maintained. All data will be deidentified and stored in a password protected computer. Signed consents and all other paper documents will be kept in a locked cabinet in a locked room.  
Right to Ask Questions: You have the right to ask questions and have those questions answered. If you have questions about this study, please contact Klarie Ake or Dr. Li Li, whose contact information is located at the end of the informed consent. For questions concerning your rights as a research participant, contact Georgia 
169 
      Southern University Office of Research Services and Sponsored Programs at 912- 478-0843.  You will not receive compensation for your participation in this project.  
Medical Liability: You understand that medical care is your responsibility in the event of injury resulting from research, no financial compensation or free medical treatment is provided. In the event of an emergency 911 will be called. For all minor injuries, you will be advised to consult with your healthcare provider.  
Voluntary Participation: You understand that you do not have to participate in this project and that your participation is purely voluntary. If it is applicable, you may decline to answer specific questions. You may choose to withdraw from this study without penalty. If you choose not to participate or would like to stop at any time, please notify either principal investigators: Klarie Ake or Dr. Li Li.  
Exclusion Criteria: You understand that if you answer yes to any of the following questions, you will not be able to participate in this study for health safety reasons. 1. Has your doctor ever said that you have a heart condition and that you should only do physical activity recommended by a doctor? 2. Do you feel pain in your chest when you do physical activity? 3. In the past month, have you had chest pain when you were not doing physical activity? 4. Do you lose your balance because of dizziness or do you ever lose consciousness? 5. Do you have a bone or joint problem (for example, back, knee or hip) that could be made worse by a change in your physical activity? 6. Is your doctor currently prescribing drugs (for example, water pills) for your blood pressure or heart condition? 7. Do you know of any other reason why you should not do physical activity? 8. Have you taken any pain medication within the last 24 hours?  You understand that you may terminate participation in this study at any time without prejudice to future care or any possible reimbursement of expenses, compensation, employment status, or course grade except provided herein, and that owing to the scientific nature of this study, the investigator may in his/her absolute discretion terminate the procedures and/or investigation at any time. 
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      You understand that there is no deception involved in this project.  
You certify you are 18 years of age or older and you have read the preceding 
information, or it has been read to you, and understand its contents. If you consent to 
participate in this study and to the terms above, please sign your name and indicate 
the date below. 
 You will be given a copy of this consent form to keep for your records. To contact the Office of Research Compliance for answers to questions about the rights of research participants or for privacy concerns please email IRB@georgiasouthern.edu or call (912) 478-0843. This project has been reviewed and approved by the GSU Institutional Review Board under tracking number H16396.  Title of Project: The effects of patellofemoral pain on lower extremity kinematics, kinetics, and muscle activity during a prolonged run  Principal Investigator: Klarie Ake, office address: 1302- Hanner Complex, 590 Herty Dr, telephone: (336)239-7108, email: ka03521@georgiasouthern.edu  Additional Investigator: Jessica Mutchler, PhD, office address: Room 1101D – Hollis Building, 62 Georgia Ave, telephone: (912)478-0200, email: jmutchler@georgiasouthern.edu  Faculty Advisor: Li Li, PhD, office address: Room 0107B – Hollis Building, 62 Georgia Ave, telephone: (912)478-0200, email: lili@georgiasouthern.edu    Participant Signature Date  I, the undersigned, verify that the above informed consent procedure has been followed.   Investigator Signature Date 
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